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When  I  had  completed  my  treatise  on  Saturn  and  its 
System,  I  formed  the  design  of  preparing  a  separate 
treatise  on  each  of  the  planets  Mars  and  Jupiter,  and 
then  another  and  larger  treatise  on  the  Sun.  Circum- 
stances, which  it  is  needless  to  particularize,  prevented 
me  from  carrying  out  this  design  at  that  time, 
and  indeed  threatened  to  withdraw  my  attention 
altogether  from  scientific  pursuits.  That  my  plans, 
though  delayed,  have  not  been  lost  sight  of  during  the 
last  four  years,  is  evidenced  by  the  appearance  of  many 
papers  of  mine  on  Mars,  Jupiter,  and  the  Sun,  in 
several  quarterly,  monthly,  and  weekly  journals.  These, 
if  collected,  would  of  themselves  suffice  to  form  volumes 
of  no  inconsiderable  dimensions  on  these  several  orbs ; 
while  my  '  Other  Worlds  than  Ours '  presents  a  sort 
of  summary  of  my  researches  on  these  and  other 
astronomical  subjects.  But  it  is  only  quite  recently 
that  I  have  been  able  to  resume  my  original  design. 

The  delay  has  not  been  without  its  advantages,  how- 
ever. A  work  on  the  Sun  has  at  the  present  time  a 
far  greater  interest  than  it  would  have  had  four  years 
since ;  while  I  have  been  able  to  obtain  a  much  wider 
and  more  complete  view  of  the  subject  than  I.  should 
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probably  have  thought  necessary  had  I  completed  tJie 
work  at  that  time. 

My  primary  object  in  the  present  volume  has  been 
to  furnish  a  full  account  of  the  remarkable  discoveries 
which  have  been  effected  by  observers  of  the  Sun, 
whether  by  means  of  the  telescope,  the  spectroscope, 
polarisewpic  analysis,  or  photography.  It  will  be  seen 
that  Chapters  IV.,  V.,  and  VI,,  in  which  I  deal  with 
tliese  discoveries,  together  constitute  more  than  one 
half  of  the  main  text.  In  these  chapters  the  labours 
of  the  Herschels,  Schwabe,  Carrington,  Secchi,  De  la 
Rue,  Stewart,  and  others  in  examining  the  solar 
surface;  the  later  observations  of  Huggins,  Zollner, 
Respighi,  Secchi,  Lockyer,  Young,  and  others  in  the 
study  of  the  prominences  and  chromosphere  :  and  the 
observations  which  have  been  made  during  the  past  two 
centuries  on  the  phenomena  presented  by  the  solar 
corona,  have  been  dealt  with  at  considerable  leng^. 

But  it  seemed  desirable  tliat  a  separate  and  complete 
explanation  should  be  given  of  all  those  matters  which 
specially  appertain  to  the  application  of  spectroscopic 
analysis  to  the  study  of  solar  physics.     Without  an 
account  of  these  matters,  many  of  the  most  interesting 
discoveries  made  in  recent  times  would  be  almost  un- 
intelligible, and  it  did  not  seem  fitting  to  refer  tl 
general  reader  to  the  valuable  but  costly  worka 
Roscoe  and  Schellen,    Further,  I  think  such  a  mode 
treating  spectroscopic  analysis  as  I  have  adopted 
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Chapter  III.  of  this  work,  more  likely  to  be  of  use 
to  the  reader  than  a  fuller  but  less  simple  account. 
In  one  respect,  indeed.  Chapter  III.  presents  what  is 
wanting  in  every  treatise  on  the  analysis  which  I  have 
hitherto  seen  :  the  matter  in  pp.  128-156  exhibits  what 
really  happens  when  the  light  from  the  object  studied 
is  sent  through  a  battery  of  prisms.  In  Chapter  III. 
I  give  an  account  of  the  principles  of  Browning's  auto- 
matic spectroscope,  and  exhibit  a  plan  of  my  own  by 
which  this  principle  may  be  extended  so  as  to  include 
a  second  battery.  I  think  that  in  future  applications 
of  spectroscopic  analysis,  the  plan  illustrated  at  p.  139 
is  likely  to  be  found  of  considerable  utility. 

Another  large  section  of  the  book  is  devoted  to  the 
question  of  the  Sun's  distance.  In  Chapter  I.  will  be 
found  a  very  full  account  (the  fullest  popular  account 
yet  published,  I  believe)  of  the  researches  which  have 
been  made  up  to  the  present  time  into  this  subject : 
while  in  Appendix  A  the  transits  of  1874  and  1882 
(already  attracting  much  notice)  are  dealt  with  at 
length,  and  the  best  means  for  observing  them  effectively 
are  fully  considered.  The  subject  is  one  to  which  I 
have  given  much  attention.  In  constructing  the  pic- 
tures from  which  Plates  IX.  and  X.  have  been  reduced 
(by  photolithography),  every  circumstance  of  the  transit 
of  1874  was  taken  most  carefully  into  account ;  and  I 
think  that  I  may  safely  say  of  these  views,  the  four 
which  accompanied  them  in  Vol.  XXIX.  of  the  '  Astro- 


nical  Society's  Notices,'  and  Plate  VIII.,  that  they 
are  far  the  most  accurate  graphic  representations  that 
have  yet  been  made  of  this  or  any  other  transit.      The    1 
views  on  pp.   446,  447,  though  small,  illustrate  the  - 1 
transit  of  1882  more  accurately  than  any  views  yet 
ni&de,  BO  far  as  I  know.  ' 

The  note  on  pp.  443^45  serves  to  indicate  the 
circumstances  under  which  my  investigation  of  the 
transits  of  1874  and  1882  led  me  to  indicate  my  dissent 
from  the  views  wliich  the  Astronomer  Royal  had  pro- 
pounded on  the  same  subject.  It  was  not  easy — or 
rather  it  was  not  possible — for  me  to  exhibit  myresulta 
without  pointing  out  how  aud  why  they  differed  from 
Professor  Airj^'s,  which  had  been  for  so  many  years 
before  the  public.  The  accuracy  of  my  results  has 
now  been  established,  and  has  indeed  never  been 
doubted.  The  only  question  which  remains  at  issue  is 
whether  I  was  right  or  wrong  in  regarding  tJie  correc- 
tions as  im]K>rtant,  While  expressing  my  own  un- 
changed conviction  that  the  corrections  are  of  ^ital 
importance,  I  am  quite  content  to  let  others  decide 
whether  this  conviction  is  well  or  ill-founded. 

In  Chapter  II.  a  detailed  account  is  given  of  the 
Sun's  influence  as  ruler  over  the  system  of  planets. 
Many  of  the  relations  here  dealt  with  are  novel  and 
I  think  interesting.  In  the  last  three  chapters  I 
deal  with  the  Sun's  physical  condition,  hia  position  as 
fire,  life,  and  light  of  the  solar  system,  and  his  place 
and  motions  among  his  fellow-suns.     It  will  be  seen 
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that  in  Chapter  Vlil.  I  have  presented  reasons  for 
considering  that  the  most  important  work  science  has 
to  accomplish  is  to  show  how  the  Sun's  action  can  be 
'more  folly  utilized  than  it  is  at  present^  so  that  before 
the  Earth's  stores  of  force  are  exhausted  (as  they  must 
some  day  be),  resources  which  can  never  be  exhausted 
— because  unceasingly  restored — may  be  rendered 
available. 

The  treatment  of  the  subject  of  eclipses  in  Appendix 
B  is  novel.  It  seemed  to  me  that  there  was  room  for 
a  more  thorough  explanation  of  the  general  laws  on 
which  the  recurrence  of  eclipses  depends,  than  finds 
place  in  our  text-books  of  astronomy* — the  authors  of 

*  In  this  connection,  it  is  necessary  for  me  to  note  that  I  have  had 
occasion  to  claim  in  fig.  8,  p.  2],  and  foot-note,  pp.  25,  26,  a  drawing 
which  appears  at  p.  185  of  Mr.  Lockyer's  Elementary  Lessons  in 
Astronomy.  This  drawing,  and  other  matter  which  he  has  paid  me  the 
compliment  of  employing  in  his  useful  little  book,  may  be  of  small  im- 
portance, and  it  would  be  absurd  to  suppose  that  in  a  text-book  no 
materials  shoxdd  thus  be  borrowed.  But  it  has  been  convenient  to  me 
here — and  may  be  convenient  again — to  make  use  of  my  own  work ;  and 
I  would  rather  not  appear  to  borrow  (at  least  without  proper  acknow- 
ledgment) from  Mr.  Lockyer.  This  feeling  seems  so  natural,  that  it 
lias  been  with  surprise  I  have  found  Mr.  Lockyer  objects  to  it.  In 
a  letter  to  Messrs.  Macmillan,/or  me,  he  has  expressed  a  somewhat 
angry  satisfaction  that  though  he  has  borrowed  in  the  same  work 
and  way  from  many  others,  no  one  has  remarked  upon  it  but  myself. 
(A  mistake,  however.)  My  remarks  were  sufficiently  gentle,  and  all  I 
asked  was  that  *  by  associating  my  name  with  my  own  results  (some  of 
which  had  only  been  obtained  after  much  labour)  he  would  place  it  in 
my  power  to  employ  those  results.'  For,  else,  I  should  seem  to  be  acting 
unfairly  towards  him,  by  using  his  work  without  that  acknowledgment 
which  justice  and  courtesy  alike  require  in  such  cases.  I  certainly 
had  no  thought  of  angering  him,  and  it  has  been  with  sincere  regret 
that,  since  then,  I  have  seen  his  anger  leading  him  to  say  and  do  many 
things  which  I  am  sure  he  will  regret  in  the  cooler  after-years. 
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whict  have  been  content  for  many  yeara  to  follow  each 
other,  as  respects  this  matter,  along  a  somewhat  un- 
satisfactory track. 

It  only  remains  for  me  to  point  out  that  in  some  of  tiie 
notes  I  deal  with  matters  and  employ  methods  of  treat- 
ment which  would  not  be  suitable  for  the  main  text. 
The  general  reader  can  omit  these  notes  altogether,  as 
they  are  not  necessary  for  the  elucidation  of  the  subject 
and  have  only  been  introduced  for  the  benefit  of  those 
more  advanced  students  of  astronomy  who  might  desire 
to  see  certain  points  more  thoroughly  dealt  with  than 
they  could  be  in  the  body  of  a  popular  treatise  like  the 
present 

KiCHARD  A.  Proctor. 
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THE     SUN 


INTRODUCTION. 

It  would  be  difficult  to  form  an  idea  of  the 
length  of  time  during  which  the  phenomena  of  day  and 
night,  and  of  the  varying  seasons,  transpired  without 
attracting  men's  attention  to  the  orb  which  governs 
both  the  day  and  the  year.  That  the  science  now  called 
Astronomy  had  its  origin  in  the  consideration  of  the 
Sun's  apparent  motions  we  can  scarcely  doubt.  Clear 
indications  remain,  indeed,  that  the  earliest  efforts  of 
men  to  determine  the  motions  of  the  celestial  bodies 
were  directed  to  the  great  centre  and  ruler  of  the 
planetary  scheme.  But  when  those  efforts  were  first 
made,  what  were  the  first  conceptions  of  astronomers 
as  to  the  nature  of  the  solar  motions,  and  how,  in  the 
process  of  time,  those  conceptions  assumed  the  form 
described  in  the  earliest  records  of  astronomical  re- 
search, we  probably  shall  never  know. 

Nor,  so  far  as  my  purpose  in  these  pages  is  con- 
cerned, is  it  of  any  great  importance  that  the  truth  in 
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these  matters  should  be  ascertained.  It  would  doubt- 
less form  an  interesting  subject  of  study  to  trace  tha 
first  progress  of  men  as  they  endeavoured  to  elucidate 
the  secrets  of  the  heavens.  Even  what  we  know  of 
the  early  researches  of  astronomers  is  full  of  interesti 
and  not  wanting  in  instruction.  Their  failures  as  well 
as  their  successes  teach  us  a  useful  lesson  of  patienoft 
and  of  perseverance.  The  confidence  with  which  at 
times  they  insisted  on  adopting  erroneous  theories  may 
serve  to  teach  us  a  lesson  of  modesty  and  caution.  And 
the  gradual  process  by  which  observation,  and  thought- 
ful reasoning  upon  observation,  led  men  to  the 
ful  solution  of  so  many  noble  problems,  is  as  full 
interest  to  the  thoughtful  student  as  the  most  spirifr* 
stirring  scenes  of  history.  But  where,  as  in  the  present 
instance,  it  is  the  object  of  the  writer  to  exhibit  the 
clearest  possible  picture  of  what  is,  it  may  be  gravely 
questioned  whether  it  is  wise  to  present  the  full  history 
of  a  series  of  researches  which  proceeded  often  on 
erroneous  hypotheses.  It  is  sufficiently  difficult  to  con- 
vey in  the  compass  of  a  single  volume  clear  and  accu- 
rate conceptions  of  a  wide  astronomical  subject ;  and  the 
task  b  rendered  much  more  difficult  where  the  history 
of  false  or  imperfect  theories  is  mixed  up  with  the 
account  of  recognised  truths. 

But  there  is  yet  another  reason  for  not  undertaking 
to  give  in  this  work  a  history  of  the  progress  by  which 
men  attained  their  present  conceptions  respecting  the 
Sun,  nor  even  attempting  the  far  easier  task  of  showing 
how,  by  a  series  of  simple  observations,  the  position  of 
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the  Sun  in  the  solar  system,  and  especially  with  re- 
ference to  our  Earth,  might  have  been  ascertained. 
The  fact  is,  that  such  an  undertaking  would  differ  but 
little  from  an  attempt  to  combine  a  complete  history  of 
astronomy— or  at  the  least  a  complete  discussion  of  all 
known  astronomical  relations — with  that  special  discus- 
sion of  the  Sun's  nature  and  condition  which  forms  the 
essential  object  of  this  treatise.  For  there  is  not  a 
single  chapter  of  a  treatise  on  general  astronomy  which 
is  not  more  or  less  associated  with  the  relations  pre- 
sented by  the  Sun ;  and  it  may  even  be  said  that  there 
is  not  a  single  subject  dealt  with  by  astronomers  which 
does  not  owe  its  chief  interest  to  such  an  association. 

Therefore  I  find  myself  compelled  to  forego  that 
mode  of  treating  my  subject  which  had  seemed  the 
best  when  I  was  dealing  with  the  planet  Saturn.  One 
can,  without  prolixity,  discuss  the  gradual  j)rogress  of 
research  by  which  the  relations  presented  by  a  single 
planet  have  been,  or  might  be,  ascertained.  But 
a  preliminary  research  of  this  sort  would  require,  in 
the  case  of  the  Sun,  a  volume" — and  no  small  one — to 
itself. 

The  course  I  propose,  therefore,  to  adopt  is  as 
follows : — I  shall  pass  over  all  that  portion  of  the  his- 
tory of  astronomy  which  relates  to  the  determination  of 
the  Sun's  central  position  in  the  system  he  governs. 
I  shall  give  no  account  of  the  methods  by  which  the 
nature  of  the  Sun's  diurnal  motions  were  determined, 
nor  shall  I  show  how  from  this  knowledge,  combined 
with  the  gradual  survey  of  the  terrestrial  globe  and 
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the  recognition  of  the  Sun's  appareat  anDual  progreaB 
around  the  sidereal  heavens,  the  ancients  recogniseil 
the  tact  that  either  the  Sun  travels  yearly  around  tho 
Earth,  and  is  carried  also  daily  round  with  tlie  heavens, 
or  else  that  this  Earth  on  which  we  live  speeds  yearly 
around  the  Sun,  rotating  daily  on  her  axis.  The 
observations  on  the  planets  by  wliich  the  true  .inter- 
pretation of  these  apparent  motions  of  the  Sun  waa 
eventually  obtained  must  also  remam  undiscussed. 

AVe  are  to  begin,  then,  by  regarding  the  Suu  as  the 
recognised  centre  of  the  solar  system,  ruler  over  a 
scheme  of  worlds,  on  which  he  pours  forth  abundant 
supplies  of  heat  and  light. 

So  regarding  the  Sun,  we  aliall  first  be  led  to  inquire 
into  the  distance  of  the  great  luminary,  in  order  that 
we  may  determine  his  real  dimensions.  The  funda- 
mental problem  of  astronomy — the  determinatioD  ofi 
the  Sun's  distance — a  problem  which  has  at  the  pre- 
sent time  a,  special  interest  on  account  of  those  a[^ 
preaching  transits  of  Venus  from  the  observation  of 
which  astronomers  hope  to  obtain  new  and  better 
raeasures^will  therefore  form  the  subject  of  the  open- 
ing chapter  of  this  work.  This  chapter  will  naturally 
include  the  consideration  of  the  Sun's  dimensions,  and 
of  the  scale  of  the  solar  system  generally. 

Then,  next,  the  question  of  the  Sun's  mass,  and  of 
the  influences  wbich  he  exerts  by  reason  of  his  mass, 
will  come  to  be  considered.  We  shall  measure  the 
might  of  the  giant  which  rules  the  whole  family  of 
planets,  and  consider  the  limits  of  his  domain.     W 
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shall  inquire  what  motions  it  is  in  his  power  to  control 
at  this  or  that  distance,  and  so  determine  the  limits 
of  his  power  to  gather  fresh  materials  from  out  the 
surrounding  spaces,  either  in  such  sort  as  to  recruit 
his  own  mass,  or  as  to  enlarge  the  crowd  of  relatively 
minute  bodies  which  circle  continually,  as  we  know, 
around  him. 

Then  we  shall  proceed  to  discuss  what  the  spectro- 
scope has  taught  respecting  the  actual  materials  which 
constitute  the  Sun's  substance,  placing  this  inquiry 
before  those  chapters  which  deal  with  the  telescopic 
aspect  of  the  Sun's  surface,  the  prominences,  and  the 
corona,  in  order  that  there  may  be  no  break  in  the 
narrative  in  passing  from  the  era  of  unaided  telescopic 
research  to  the  recent  era  of  mixed  telescopic,  spec- 
troscopic, photographic,  and  polariscopic  observation. 
In  other  words,  an  account  of  the  principles  of  spectro- 
scopic research,  including  so  much  of  the  history  of 
spectroscopic  analysis  as  is  sufficient  to  make  the 
subject  clear  (and  therefore  necessarily  including  an. 
account  of  the  Sun's  general  structure  as  indicated  by 
the  solar  spectrum),  will  precede  the  narrative  of  that 
long  series  of  researches  which  commenced  with  the 
discovery  of  the  solar  spots.  The  chapter  on  spectro- 
scopic analysis  will  close  with  an  explanation  of  those 
special  modes  of  spectroscopic  research  which  have 
seemed  unintelligible,  or  rather  incredible,  to  many, 
but  yet  depend  on  principles  of  exceeding  simplicity. 

Then  will  follow  chapters  describing  the  discoveries 
which  have  been  made  by  aid  of  the  telescope — and  its 


allies,  the  spectroscope,  the  polariscope,  and  photo- 
graphy— respecting  the  aspect  and  general  conditiou  of 
the  Sun's  pliotoaphere,  the  coloured  prominences,  the 
corona,  and  so  on.  The  physical  (condition  of  the  Sun, 
the  amount  and  probable  source  of  his  heat,  and  other 
like  questions,  will  next  be  dealt  with.  And,  finally, 
we  shall  consider  the  fyatem  of  suns,  and  the  position 
which  our  Sun  holds  in  that  system,  sf)  far  as  the  re- 
searches yet  made  by  astronomers  enable  us  to  deal 
with  this  noblest  of  all  subjects  of  study. 

Thus  we  have  before  us  a.  sufficiently  wide  range  of, 
research.  Our  progress  will  lead  us  to  consider  some 
of  the  most  successful  attempts  yet  made  by  man. 
to  resolve  the  mj-steries  of  the  universe.  We  shall 
have  to  deal  with  much  that  invites  reflection  and, 
speculation— with  much  that  may  be  explained  by  the 
thoughtful  study  of  evidence  already  obtained;— but 
also  with  much  that  continues,  and  may  perchance 
continue  for  many  years,  altogether  perplexing.  We:! 
have,  in  fine,  to  deal  with  a  subject  which  is  full  of 
interest,  but  whose  real  grandeur  and  significUKe,  as 
well  as  its  vast  difBcultie? ,  arc  but  now  beginning  to  be 
rightly  understood. 


CHAPTER    I. 

THE  SUN'S  DISTANCE  AND  DIMENSIONS. 

• 

The  deteumination  of  the  Sun's  distance  is  not 
only  an  important  problem  of  general  astronomy,  but, 
so  far  as  the  subject  of  this  treatise  is  concerned,  it 
may  be  regarded  as  the  very  foundation  of  all  our 
researches.  For  until  we  know  the  Sun's  distance  we 
can  determine  neither  his  bulk  nor  his  weight;  and 
our  views  even  as  to  his  physical  condition  will  be 
found  to  depend  in  an  important  degree  on  the  estimate 
we  form  respecting  those  two  elements.  A  minute 
error  in  the  solution  of  the  problems  on  which  the 
determination  of  the  Sun's  distance  depends  would  not 
only  result  in  adding  or  w^ithdrawing  hundreds  of 
millions  of  cubic  miles  from  the  Sun's  volume,  and 
many  multiples  of  the  Earth's  mass  from  his  weight, 
but  our  conceptions  of  the  size  of  solar  spots,  the 
height  of  the  coloured  prominences,  the  velocity  of 
solar  currents  and  cyclones,  and  many  other  such 
matters,  would  be  rendered  proportionately  erroneous. 
It  is,  therefore,   of  the   utmost   importance  that  we 
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EhouJd  have  accurate  views  reBpecting  the 
research  by  which  the  Sun's  distance  has  been  estimated, 
and  that  we  iiliould  know  the  probable  limits  of  error 
in  the  resulting  determiDations.  The  subject  has  a 
JBpecial  interest  at  the  present  time,  because  prepara- 
tions are  even  now  being  made  for  the  application,  in 
the  winter  of  1 874,  of  one  of  the  most  effective  methods 
JBt  the  disposal  of  astronomers  for  the  solution  of  this 
most  noble  problem.* 

Let  us  consider  the  general  nature  of  the  problem, 
in  order  that  we  may  the  better  appreciate  its  difBcul- 
ties.  Many  arc  disposed  to  wonder  that  astronomers 
should  not  long  since  have  mastered  what  seems  to  be 
an  almost  elementary  problem  of  the  science ;  and  it 
has  appeared  as  a  blot  on  the  fair  fame  of  astronomy  that 
errors  and  differences  of  millions  of  miles  should  have 
followed  the  attempt  ^o  solve  this  particular  probWm. 
Then,  too,  when  the  resulting  errors  in  the  determina- 
tion of  the  distances  of  the  outer  planets,  and  tlie  still 
larger  errors  in  the  determination  of  the  distances  at 
which  the  fitted  stars  lie  from  us,  are  considered,  the 
inquiry  is  suggested, '  Where  is  the  boasted  accuracjr 
of  the  moat  exact  of  the  sciences  ?  '  Vi'e  shall  see  as 
we  proceed  that  the  great  wonder  is,  not  that  the 
estimates  made  by  astronomers  should  differ,  but  that 
even  the  vaguest  ideas  should  have  been  formed  re- 
specting the  Sun's  distance.  The  problem,  as  presented 
in  its  simplicity  (the  simplicity  of  perfect  diffictUty), 
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s  at  first  eight  one  that  no 
ATuI  to  solve. 

In  fig.  1  let  s  represent  the  Sun,  and  K  e'  e"  the 
orbit  of  the  Earth.  Then  on  the  scale  of  tlie  figure,  a 
ilot  meant  to  represent  the  Earth  should  have  dimen- 
sions so  minute  that  it  would  he  altogether  invisible  1o 
the  naked  eye.  The  line  representing  the  Earth's  path 
is  brood  enough  to  obliterate  more  tlian  a  hundred  such 

■  placed  side  by  side  across  its  width.  Now,  it  is  the 
bitants  of  the  globe  repreeented  by  this  tiny  dot, 

F[G.   1. 


It  have  to  measure  the  distance  separating  the  inai- 
Attsihle  globe  s  from  E  e'  e."  The  globe  on  which 
they  live  is  continually  rotating  on  its  axis,  it  is  swee])- 
iag  onward  with  inconceivable  velocity  on  the  path 
'  e",  yet  from  this  rotating,  onward-rushing,  and 
tively  minute  orb,  the  observations  are  to  be  made 
neans  of  which  the  vast  distance  of  8  has  to  be 
mined.  Still  considering  fig.  1,  let  us,  in  yet 
ler  way,  picture  to  ourselves  the  nature  of  the 
ibiem  to  be  dealt  with. 
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Suppose  the  Earth  on  the  orbit  E  e'  e"  to  be  re- 
presented by  a  globe  oue  inch  in  diameter.'  Then  the 
Hun  at  8  would  be  represented  by  a  globe  9  feet  in 
diameter,  and  liis  distance  from  the  orbit  E  e'  e"  by  no 
lees  than  320  yards.  Let  any  one  who  has  noticed  the 
300  yards'  range  in  rifle  shooting  consider  how  minute 
8  disc  one  inch  in  diameter  would  appear  at  that  dis- 
tance, and  he  will  at  once  rccogniee  how  ditBcult  a 
problem  the  astronomer  has  to  solve  in  determining  the 
Sun's  distance  ;  for  that  minute  and  scarcely  percep- 
tible disc  subtends  the  very  angle  on  whose  exact 
measurement  the  solution  of  this  problem  depends. 
But  even  when  any  one  has  pictured  to  himself  the 
difliculty  of  determining  the  exact  angle  subtended  by 
an  inch  disc  at  tliat  distance,  and  how  easily  the  angle 
might  be  over-estimated  or  under-estimated  by  a  con- 
siderable fraction  of  its  real  value, — even  then  he  will 
not  have  realised  the  actual  difficulty  of  the  problem. 
Let  him  reverse  the  illustration,  and  picture  the  difficulty 
of  determining  by  observations  made  from  points  within, 
this  inch  disc  the  distance  of  a  station  320  yards  off. 
Yet  even  then  he  will  have  underrated  the  difficulty  of 
the  actual  problem  astronomers  have  to  solve.  He 
must  suppose  the  two  sets  of  observations  to  be  made 
by  different  observers,  at  different  seasons,  in  different 
weather,  with  different  instruments ;  that  each  set  of 

■  It  ia  convenieut  to  rememter  lliat  a  brooie  halfpsnny  ia  etactlj 
one  inch  in  dimaetcr ;  so  thai  hd  exaal  repiesontatiDD  of  >  grent  circla 
uf  iJie  enrth,  on  th«  scale  we  are  now  cunHuleriag,  can  be  cauvenienLlf 
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bservations  has  to  be  corrected  for  a  wholly  difTerent 
series  of  conditions;  that  each  observer's  station  is 
shifted  continuously  by  two  distinct  forms  of  mo- 
tion, which  must  both  be  taken  into  account  (involving 
a  careful  reference  to  the  question  of  time)  before  any 
satisfactory  use  can  be  made  of  the  observed  results. 

Such,  in  a  general  sense,  is  the  nature  of  the  problem 
astronomers  have  to  deal  with.  The  conditions  of  the 
problem  are  not  of  their  fixing ;  all  they  can  do  is  to 
face  as  resolutely  and  skilfully  as  they  can  the  difficul- 
ties which  the  problem  presents  to  them.  They  have 
done  this  so  well  that  the  history  of  the  problem  has 
become  to  the  thoughtful  student  of  science  as  interest- 
ing as  a  romance.  But  they  do  not  pretend  to  have 
secured  a  greater  amount  of  accuracy  than  the  nature 
of  the  problem  and  the  means  at  their  disposal  render 
I>ossible.  Let  this  be  distinctly  understood  beforehand, 
— Absolute  accuracy  in  the  solution  of  this  problem  is 
simply  out  of  the  question. 

And  now  let  us  consider  how  the  problem  is  to  be 
attacked.  In  reality  no  less  than  six  methods  have 
been  successfully  applied;  but  there  is  only  one 
method  which  is  strictly  geometrical  in  its  nature, 
and  this  method  must  be  the  first  to  engage  our  atten- 
tion. 

In  determining  the  distance  of  an  inaccessible  object, 
the  geometer  first  measures  a  base-line,  and  then 
observes  the  bearing  of  the  object  from  either  end  of 
that  line.     He  thus  has  the  means  of  determining  the 
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<]istance  of  the  object  with  an  exactness  proportional 
to  the  accuracy  of  his  observations. 

Suppose,  for  example,  the  object  is  at  o  (fig.  2),  and 
ihat  the  obaerver  measures  the  base-line  a  b  and  ob- 
serves the  bearings  B  o  and  a  o.  Then,  if  he  has  done 
this  accurately,  he  can  draw  a  picture,  as  in  the  figure, 
accurately  representing  his  observations,  and  he  can 
measure  either  a  o  or  B  o  in  this  picture,  and,  by  com- 
paring  these  measurements  with  the  length  of  A  B  in 
his  picture,  he  can  toll  what  relation  the  actual  di: 
tances  A  o  or  D  o  bear  to  the  actual  base-line  A  e, 


Thus,  if  his  base-line  a  B  is  800  feet  long,  so  that  each 
of  the  divieiona  in  the  figure  represents  a  length  of  100 
feet,  then  if  b  o  be  found  to  contain  fifteen  of  these  , 
divisions,  he  will  know  that  o  is  1,500  feet  from  B.  ^ 
Uaually,  however,  instead  of  merely  drawing  a  figure 
(a  process  in  which  errors  may  creep  in  through  the 
imperfection  of  rulers,  compasses,  and  so  on),  the  sur- 
veyor would  apply  trigonometrical  calculation  to  deter- 
mine B  o  or  A  o  as  accurately  as  his  observations  per- 
mitted. 

But  now,  if  either  his  base-line  or  his  bearings  be 
wrongly  determined,  it  is  clear  the  distances  A  o  or  B  o 
iviU  be  wrongly  estimated  from  them.     The  effect  of  a 
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wroDg  measurement  of  the  base-line  is  too  obvious  to 
Deed  special  discussion :  clearlgr  the  error  of  b  o  or  a  o 
irill  be  precisely  proportional  to  the  error  of  A  B.  But 
the  error  resulting  from  wrong  estimates  of  the  bearings 
requires  .to  be  attentively  considered. 

Suppose  the  bearing  a  o  wrongly  observed,  and 
placed  as  A  1  or  a  2.  Then  if  the  bearing  B  o  be 
correctly  observed,  the  resulting  error  will  be  o  1  or 
O  2  respectively.  On  the  other  hand,  if  the  bearing 
A  o  be  correctly  observed  but  b  o  misplaced  as  B  3 
or  B  4,  the  error  will  be  o  3  or  o  4  respectively.  If 
the  bearings  A  o  and  b  o  be  both  misplaced  outside, 
or  both  inside,  the  true  direction  of  O,  the  place  of  the 
point  o  will  be  calculated  as  if  at  5  or  6  respectively. 
And,  finally,  if  the  bearings  arc  misplaced  in  different 
wavs — that  is,  one  inside  o  and  the  other  outside — the 
jwint  o  will  be  calculated  as  if  at  7  or  8,  respectively. 

Xow,  under  favourable  conditions,  a  skilful  observer, 
though  he  must  needs  make  some  error  in  estimating 
his  bearings  (for  no  instruments  can  be  absolutely  per- 
fect), would  yet  bring  the  estimated  [)oint  relatively 
very  near  to  o ;  in  other  words,  though  he  might  set  it 
at  a  point  out  of  [)lace  in  the  same  way  as  any  of  the 
I>oints  1,  2,  3,  ...  8,  the  area  of  error  corresponding  to 
the  area  5  7  6  8  would  be  small  compared  with  the 
area  a  o  b. 

But  now  suppose  that  instead  of  such  a  triangle 
as  A  o  B,  our  observer  has  to  deal  with  a  triangle 
shaped  like  a  o  b  in  the  next  figure  -  an  ill-con- 
ditioned triangle,  to  use  an   expression   of  Sir  John 
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Herschel's.  It  is  at  once  ee«a  that  a  very  email  e: 
in  either  of  his  bearings  will  set  th«  observer  far  wrong 
in  his  estimate  of  the  distance  of  o.  St^ipose  he  has 
rightly  determined  the  position  of  a  a,  bat  has  the 
bearing  bo'  or  b  o"  in  place  of  the  true  bearing  b  o.    He 


has  the  large  error  o  o'  or  o  n",  instead  of  the  relatively 
small  error  o  4  or  o  3  in  the  case  pictured  in  fig.  2. 

Now,  the  first  important  astronomical  problem  in  die- 
tance-measuring — a  problem  infinitely  less  difficult  than 
that  of  determining  the  Sun's  distance— involves  this 
very  difficulty  to  a  degree  far  greater  than  is  indi- 
cated in  fig.  3.  I  refer  to  the  measurement  of  the 
Moon's  distance. 

If  E  (fig,  4)  represent  the  Earth,  the  Moon  would  be 
placed  somewhat  as  at  H,  and  if  it  were  possible  to 
make  use  of  two  observatories  situated  as  at  a  and  6 
at  opposite  extremities  of  a  diameter  of  the  Earth,  tlie 
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actual  difference  of  bearing  of  the  Moon  would  be  re-' 
presented  by  the  small  angle  an  b.  As  a  matter' 
of  fact,  however,  even  this  small  angle  has  to  be 
duced  considerably,  because  from  a  or  b,  the  Moon 
luld  be  on  the  horizon,  and  the  estimate  of  her  posi- 


ler  posi- 
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tion  rendered  unsatisfactory  by  atmospheric  refraction. 
The  angle  a  M  &  is  about  a  degree  and  a  quarter,  and 
it  affords  a  very  satisfactory  idea  of  the  skill  with  which 
ancient  astronomers  employed  their  relatively  ineffective 
instrumental  means^  that  their  estimate  of  the  Moon's 
distance  differed  from  the  truth  by  only  a  fiftieth  part. 
Modem  astronomy  has  so  completely  mastered  the  pro- 
blem of  determining  the  Moon's  distance,  that  the  esti- 
mate now  adopted  can  scarcely  exceed  or  fall  short  of 
the  truth  by  so  much  as  twenty  miles,  or  less  than  a 
ten-thousandth  part  of  the  whole. 

But  when  the  method  thus  shown  to  be  available 
in  the  case  of  the  Moon  is  applied  to  the  Sun,  it  is 
found  to  be  absolutely  ineffective.  The  nicest  obser- 
vation fails  to  show  any  measurable  difference  in  the 
Sun's  position  according  as  he  is  viewed  from  one  or 
another  part  of  the  Earth's  surface.  It  is  true  that  there 
h  a  difference,  and  indeed  a  difference  which  is  large 
compared  with  some  quantities  which  astronomers  are 
in  the  habit  of  dealing  with ;  but  as  a  means  of  esti- 
mating the  Sun's  distance,  this  direct  reference  to  what 
is  called  parallactic  displacement  may  be  regarded 
as  wholly  ineffective. 

Other  methods,  then,  must  be  adopted.  I  proceed 
to  consider  two  methods  which  suggested  themselves 
to  ancient  astronomers.  It  is  interesting  to  consider 
even  those  attempts  which  have  failed ;  for  they  show 
the  real  difficulty  of  the  problem  we  are  engaged 
upon. 

It  occurred  to  Aristarchus  of  Samos  (who  flourished 


eome  twenty  centuries  ago)  that  the  illumination 
the  Moon  by  the  Sun  affords  a  means  of  estimating 
Sun'a  distance. 

If  m  m'  M(fig.  5)  represent  the  Moon's  path  about  the 
Earth  E,  and  s  be  the  place  of  the  Sun,  we  know  that 
the  Moon  is  half  full  when  near  M.  But  clearly 
it  is  not  when  the  Moon  has  reached  the  point  H,  sat 
that  H  G  in  is  a  right  angle,  that  she  is  exactly  half 
full,  but  when  she  is  at  the  point  m',  such  that  e  >f'  s  it 
a  right  angle.  If,  then,  we  can  only  determine  the  anJ 
w  m',  or  find  out  huw  soon  after  new  moon  the  Moon 
afipears  exactly  half  full,  we  can  tell  in  what  proportioii 


the  distance  of  the  Sun  exceeds  the  Moons  distance; 
for  in  that  cose  we  have  the  angle  m'  E  s  as  well  U 
the  right  angle  at  m',  and  thus  the  shape  of  the  tri- 
angle E  m'  s  is  assigned,  and  with  it  the  proportion 
of  E  S  to  E  m',  which  is  what  we  require. 

Let  us  pause  to  notice  the  ingenuity  of  this  method. 
The  point  to  be  determined  is,  in  reality,  the  distance 
between  M  and  m',  or  the  angle  M  E  m',  which  is  tba, 
same  as  the  angle  at  s.  In  other  words,  instead  <^i 
estimating  the  angle  which  the  Earth's  radius  subtends 
as  seen  from  S,  this  plan  requires  that  we  should 
determine  the  angle  which  the  Moon's  distance  sub- 
tends as  seen  from  S; — a  much  easier  problem,  first, 
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because  the  latter  angle  is  60  times  as  great  as  the 
former^  and  secondly,  because  the  necessary  observa- 
^ns  can  be  made  at  one  terrestrial  station. 

Ingenious  as  the  plan  was,  however,  it  was  totally 
inadequate  to  meet  the  real  (but  as  yet  unsown) 
difficulty  of  the  problem.  Aristarchus  estimated  the 
Sun's  distance  £  8  at  nineteen  times  the  Moon's,  or 
(roughly)  at  a  twentieth  of  its  true  value. 

However,  we  should  perhaps  regard  the  estimate 
by  Aristarchus  as  corresponding  to  those  modem  esti- 
mates of  certain  stellar  distances,  regarding  which 
astronomers  only  say  that  they  do  not  fall  short  o'f  a 
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certain  value,  without  claiming  to  know  how  far  they 
may  exceed  it. 

The  next  plan  of  attack  was  devised  by  Hippar- 
chus. 

Let  M  (fig.  6)  represent  the  Moon  just  entering  the 
shadow  of  the  Earth  E,  s  being  the  Sun.  It  is  clear 
that  if  the  Sun  were  just  as  large  as  the  Earth,  the 
shadow's  width  m  m'  would  be  exactly  equal  to  the 
Earth's  diameter.  If  the  Sun  were  less  than  the  Earth, 
the  shadow  at  m  w!  would  be  wider  than  this  ;  and  if 
the  Sun  were  greater  than  the  Earth,  the  shadow  at 
w  m'  would  be  narrower  than  the  Earth's  diameter. 
Hipparchus  reasoned  that  if  m  m'  is  known,  then  by 
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CM  deteTMM  the  Sn't  filan.* 

TUf  BeAod,  Eke  the  foner,  ves  exreedii^  u 
ggBiwtt,  becjwae  it  pranised  to  eaeiye  ■  sii^le  obecrrM 
bj  mcrelT'  tiamg  the  duration  nf  m  lonar  ccIijiMi  i 
■dre  •  proUeai  which,  attacked  direellr,  reqnirt 
vtij  ddicste  otwerrstioiH,  made  st  Etatiotia  Tet^  f 


Agaiiii  bowerer,  the  as  ret  unknfnrn  raftneas  of  iht 
SanV  dictaoce  fuiled  the  ingetmitT  of  ai^trononm^ 
We  now  know  that  the  plan  just  described  Is  atterij 
inadequate ;  and  we  can  readily  understand  how 
wsfl  that  Ilipparchns  and  Ptolemy  (nho  followed  him 
in  applying  the  method)  arrived  at  a  measure  of  tlw 
Rtin'it  digt&nce  which  lay  no  nearer  to  the  truth  than 
the  determination  made  by  Aristarchus  of  Samoe. 

ThuH  it  came  to  pass  that  until  the  time  of  TyciH 
llrahc  the  received  estimate  of  the  Sun's  distance 
no  greater  than  five  millions  of  miles :  nor  ia  it 
much  to  nay  that  the  methods  applied  by  Aristarchnl 
bikI  I[i[)parehua  might  equally  well  have  given  ani 
result  whatever,  from  a  million  miles  to  infinity, 
other  words,  the  limits  of  error  by  these  methods,  aiM 
with  the  means  available  to  ancient  astronomer^ 
actually  exceed  the  quantity  to  be  determined. 

Wc  como  now,  however,  to  the  methods  belon^n| 

■  Waraii  dolDniiiDO  nl  once  ths  angle  includpil  between  t  tii  andf'D^ 
it  la  vmII;  arpD  that  ths  aaglr  aabtondi^  b}'  the  Siin'i:  h«mi-diameUl 
oxMvd*  tbii  angla  b;  twice  tbe  Sun's  harliontBl  paralkx. 
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to  modem  astronomy.     Before  dealing  with  them  it 

will  be  convenient  to  indicate  the  quantity  which — 

instead  of  the  distance — is  the   direct  object   of  the 

researches  to  be  described.     Of  course  the  distance  is 

wkt  astronomers  really  require ;  but  this  distance  is 

determined  (at  least  as  far  as  direct  surveying  methods 

are  concerned)  by  the    measurement    of   the   angle 

between  lines  directed  towards  the  Sun's  centre  from 

different  parts  of  the  Earth.  For  convenience^  one  of  the 

Fio.  7. 


(^ 


points  is  taken  to  be  at  the  Earth's  centre  as  e  (fig.  7). 
Jf ow,  if  E  s'  represent  a  line  directed  from  E  towards 
the  Sun's  centre,  e  &''  a  line  directed  to  the  Sun  from  a 
point  e  on  the  Earth's  surface,  so  placed  that  e  s"  is  an 
horizon-line  (that  is,  square  to  E  e),  then  the  angle 
between  the  lines  e  s'  and  e  s"  is  called  the  Sun's  hori- 
zontal parallax,*  and  this  is  the  quantity  which 
astronomers  set  themselves  to  determine  in  the  first 
place.  Of  course,  the  distance  of  the  Sun  becomes 
known    so   soon    as   this    angle   is   determined ;    and 

♦  As  the  Earth  is  not  a  perfect  sphere,  horizontal  parallax  is 
different  in  different  places.  Further,  the  Earth's  path  is  eccentric,  and 
so  there  is  a  variation  depending  on  her  position  in  her  orbit.  To 
secure  uniformity,  the  results  obtained  by  astronomers  are  always 
referred  to  the  horizontal  parallax  of  the  Sun  at  his  mean  distance  and 
for  a  place  on  the  Earth's  equator — or  the  mean  equatorial  horhontal  solar 
'parallax^  as  it  is  called.  It  may  perhaps  be  useful  to  remind  the  reader 
that  this  expression  means  merely  the  apparent  length  of  half  the 
great*>r  diameter  of  the  Earth's  disc  as  seen  from  the  Sun  (at  his  mean 
distance). 

c  2 


throughout  the  remainder  of  tliis  chapter,  beside 
mentioDing  the  jtarallax  deduced  hy  each  method,  | 
fihall  always  mentioa  the  correa ponding  distance. 

Six  several  metliods  have  been  derised,  each  at  leari 
as  ingenious  as  the  methods  of  Aristarchus  and  Hip- 
parchus,  and  each  requiring  an  exactness  of  observe 
tion  which  would  have  seemed  to  the  old  astronometl 
altogether  hopeless  of  attainment. 

The  first  two  methods  to  be  described  are  intir 
mate)}'  associated  with  Ke[)ler's  laws  of  the  planetary 
distances. 

So  Jong  as  no  known  law  associated  the  distaac«s  td 
the  planets  from  the  Sun,  it  did  not  seem  advisable  to 
attempt  to  meaEure  the  distance  of  any  planet  fronr 
the  Earth  as  a  preliminary  to  determining  the  SunV 
distance ;  for  furtJier  observations  were  required  m 
onler  to  determine  what  relation  the  latter  distance 
bore  to  the  former.  But  so  soon  as  Kepler  proved 
that  the  distances  and  periods  of  the  planets  are  »»• 
sociated  by  a  simple  law,  it  seemed  a  promising  course 
to  attack  ^instead  of  the  Sun — some  planet  whicl 
approaches  us  within  a  less  distance. 

Let  us  consider,  for  example,  the  case  of  the  plana 
Mars,  in  order  that  we  may  judge  how  much  is  to  b4 
gained  by  the  course  suggested.  In  doing  this  w( 
are  still  following  the  actual  order  of  events,  for  th^ 
first  determination  of  the  Sun's  distance  by  moderq 
astronomers,  and  with  modem  instrumental  means,  wu 
founded  on  observations  made  upon  the  Planet  of  Wa* 

In  Gg  8,  the  orbits  of  Mara  (m)  and  the  Earth  (l^ 


^,  sb(mttIieSiiD(5)  are  accurately  IniddowD, — the  line  8 'f 
representing  a  fixed  line  from  which  astronomers 
oeMure  the  motioos  of  tlie  planets  around  the  Suii,* 
Now,  it  IB  seen  at  once  that  when  near  m,  Mars  is 
much  nearer  to  the  Earth's  path  than  the  Sun  is  ;  bo 
ihit  when  the  Earth  and  Mars  are  in  conjunction  in 
Ibis  oeiyhbourhood,  it  becomes  an  easier  problem  to 
delerralne  the  distance  of  Mars  tli.tn  that  of  the  Sun. 


II 


JIb  put  the  matter  simply,  the  Earth  at  E  luohs  laryr 
as  eeeu  from  u  than  as  seen  from  s  ;  and  to  say  she 
looks  latter  is  the  same  as  saying  that  she  subtends  a 
greater  visual  angle ;  and  the  visual  angle  she  subtends 
from  Mars  precisely  measures  the  displacement  which 
Mara  will  show  as  seen  from  different  parts  of  the  Earth. 
Ippoeing  Mars  thus  favourably  situated,  and  that 
obserrers,  one  at  £  and  the  other  at  e'  (fig.  9j, 


This  line  ■•  oaly  introduwd  to  sxplain  tba  unsyQunsIrlciU 
paths ;  It)  ahoir,  ia  Etict,  that  thew  are  intentioiull; 


observe  the  planet  whose  centre  really  lies  at  si,  to 
lie  on  different  jwints,  m  and  m'  of  the  celestial 
sphere.  Then  this  arc  m  m',  if  measured  accurately, 
would  at  ouce  give  the  actual  displacement  of  Mar» 
correeponding  to  the  distance  E  e'  between  the  ob- 
servers ;  for  though  in  the  figure  m  m'  is  closer  to 
than  to  E,  yet  in  reality  the  celestial  sphere  on  whic^ 
we  thus  estimate  the  place  of  Mara  may  be  regarJedf 
as  infinitely  far  ut)',  bo  that  M  E  is  as  a  mere  point  a.% 
the  centre  of  this  sphere;  and  therefore  the  arc  m  m', 
as  estimated  from  the  Earth,  is  precisely  the  b 
as  though  it  were  estimated  from  M,— or,  in  othee 
woixls,  this  arc  measures  the  angle  m  M  in'  and  therfr* 
fore  the  equal  angle  b  m  e.'     Thus  we  learn  at  oncd 


the  angle  E  M  e',  and  as  we  know  the  base-line  E  e',| 
we  deduce  the  distance  e  m  by  a  very  simple  pro-i 
cesa  of  calculation.  I 

But  what  is  essential  to  the  accuracy  of  the  resuU 
is  tliat  the  arc  m  in'  should  be  accurately  measurcji 
Whatever  error  we  make  iu  this  measurement  will 
produce  a  proportionate  error  in  our  final  estimate  a( 
the  distance  of  Mars.  , 

Now,  if  there  were  no  stars  in  the  background  d 
the  heavens  it  would  be  absolutely  impossible  ti 
measure  mm'  as  accurately  as  our  purpose  requirei 
The  problem  would  be  quite  as  hopeless  as  the  atten)||l 
to  measure  the   Sun's  distance  by  a  similar  procea« 
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But  the  presence  of  stars  upon  the  celestial  vault,  and 

the  certainty  which  the  astronomer  possesses  that  these 

stars  are  at  a  distance  incomparably  exceeding  that  of 

Mars,  make  the  measurement  of  this  arc  m  w!  feasible. 

The  stars  serve  as  index-points.    In  fig.  9  for  example, 

a  star  is  supposed  to  be  placed  at  8 ;  now  while  it 

voold  be  hopeless  for  an  astronomer  to  attempt  to 

determine  the  direction  of  either  line  e  m  or  e'  m'  in 

space,  without  reference  to  any  star,  it  is  quite  easy  to 

measure  the  arcs  m  $  and  wl  s  with  a  very  considerable 

degree  of  accuracy,  and  so  to  determine  the  difference 

mm'.* 

And  here  one  point  in  which  the  modem  possesses 
an  enormous  advantage  over  the  ancient  astronomer, 
lies  in  the  fact  that  spaces  on  the  heavens  which  are 
blank,  so  far  as  naked  eye  vision  is  concerned,  are 
shown  by  the  powers  of  the  telescope  to  be  occupied 
by  multitudes  of  minute  stars, — and  the  minutest  star 
serves  quite  as  well  as  a  large  star  for  such  observa- 
tions as  we  are  here  considering.  So  that  the  astrono- 
mer need  be  under  no  anxiety  lest  Mars,  during  the 
period  when  he  is  nearest  to  us,  should  approach  no 

*  Here  I  have  supposed  «,  w,  and  m'  to  lie  all  on  the  same  arc,  which 
of  course  would  not  ordinarily  be  the  case.  It  is  easily  seen,  however, 
that  it  falls  quite  within  the  scope  and  bearing  of  ordinary  astronomical 
observation,  to  measure  not  only  the  distances  but  the  bearings  of  m 
and  m'  from  s,  and  so, — two  sides  and  an  included  angle  of  the  triangle 
8  m  m'  being  determined, — to  determine  the  third  side  m  m!,  I  may 
notice  here  in  passing  that  quite  a  large  proportion  of  the  details  in- 
volved in  the  various  processes  applied  to  the  problem  considered  in 
this  chapter  are  necessarily  left  untouched,  or  are  barely  mentioned. 
A  volume  much  larger  than  the  present  would  be  required  to  exhibit 
these  detaiU  in  full  and  in  all  their  bearings. 


TM£  SUX; 

Btar  near  enough  to  render  the  required  measurements 
effective. 

Ho  soon  as  tlic  distance  of  Mars  has  been  calculated  ' 
the  distance  of  the  Sun  can  be  determined  by  the 
application  of  Kepler's  third  law.  There  is  a  pre- 
liminary process  depending  on  the  circumstance  that 
8  E  and  s  H  are  not  the  mean  distances  of  the  Earth 
and  Mar^ ;  hut  this  process  is  perfectly  simple,  since 
observation  has  shown  what  is  the  true  figure  of  each 
orbit.  Thus  Kepler's  third  law  by  showing  us  the 
exact  relation  between  the  mean  distances,  shows  us 
the  exact  rclatinn  between  s  M  and  &  E  ;  and  therefore 
between  e  si  and  h  e. 

The  plan  here  described  was  the  first  from  which- 
astrononicrB  obtained  any  Batisfactor\'  estimate  of  the 
Sun's  enormous  distance.  Kepler,  after  a  careful 
study  of  Tycho  lirahe's  observations  of  Mars,  had 
already  confidently  stated  that  the  Sun's  parallax  is 
not  greater  than  1'  (or  in  other  words  that  the  Sun'fl 
dittancc  is  not  less  than  I3|  millions  of  miles).  Buti 
Tycho  Brahe's  observations  were  such  as  we  should' 
now  call  altogether  rougli.  Cassini  proposed  and 
carried  out  a  much  more  exact  series  of  observations. 
At  his  suggestion  the  Paris  Academy  of  Sciences  sent 
Kichcr  t"  Cayenne,  while  Cassini  himself,  Romer, 
and  Picnnl,  observed  Mara  at  different  French  stations. 
The  j)arullax  of  Mars  was  indeed  not  measured,  for 
the  inBtrumcntal  means  of  the  observers  were  insuffi- 
cient. But  Cassini  calculated  that  if  the  parallax  had 
exceeded   2.^"   the   lueftiis   employed   ought   to   have 
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exhibited  its  effects.     A  parallax  of  25^^  in  the  case  of 

Mars  (situated  as  when  Cassini's  observations  were 

iDide)  corresponds  to  a  solar  parallax  of  W,     Cassini 

expressed  his  conviction  that  the  solar  parallax  is  not 

greater  than   9"*  5 — in  other  words,  that  the    Sun's 

distance  is  not  less  than  85,500,000  miles. 

The  next  application  of  this  method  involved  the 

comparison  of  observations  made  by  Lacaille  at  the 

Cape  of  Good   Hope  and  by  several  astronomers  at 

different   European  stations.     The  parallax   deduced 

was  10",  corresponding  to  a  distance  of  82,000,000 

miles. 

I  shall  presently  have  occasion  to  mention  other  and 
much  more  trustworthy  results  obtained  by  this  method 
in  recent  times.*  For  the  present,  however,  I  pass  on 
to  other  methods. 

The  path  of  Venus  lies  even  nearer  to  the  earth's 
orbit  than  that  of  Mars  does.     Fig.  10  represents  the 

♦  It  might  seem  that  as  Mars  comes  into  opi)ositioii  at  intcn'als 
aveniging  about  780  days,  the  method  could  be  applied  frequently,  and 
fo  the  results  due  to  it  could  be  rapidly  improved  upon.  As  a  matter 
of  fact,  however,  only  those  observations  made  when  Mars  is  in  opposi- 
tion near  perihelion  are  of  service.  From  fig.  8,  it  will  be  seen  that 
favourable  opportunities  do  not  occur  at  short  intervals.  The  figure 
shows  the  successive  conjunction-lines  of  the  Earth  and  Mars  between 
the  years  1856  and  1871.  It  is  seen  that  only  the  conjunctions  of 
1860  and  1862  are  favourable,  and  those  not  so  near  as  they  should  be 
to  perihelion.  (The  wide  distances  separating  conjunction-lines  in  this 
neighbourhood  as  compared  with  the  opposite,  are  due  to  the  relatively 
rapid  motion  of  Mars  near  perihelion.)  The  opposition  of  1877  will 
be  exceptionally  favourable,  as  the  conjunction-line  will  fall  nearly 
midway  between  those  of  1860  and  1862.  It  is  necessary  for  mo  to  re- 
mark that  fig.  8  is  copied  from  a  drawing  of  my  own,  illustrating  a  paper 
in  the  Popular  Science  Review  for  January  1 867.    Mr.  Lockyer  lias  copied 


■  a»  iW  Setaaet  of  Mus  has  beeu  cattnil 

I  «f  dkc  Sob  on  be  determined  br 

1  of  Kepler's  dtird  lav.     There  is  a 

r  ptoctat  depenifin^  on  tbe  eircumst&tKe 

» K  m  aat  tW  mean  dUun«es  of  ibe  K 

I  is  [)erfecUy  simple,  s 

t  is  ibe  true  figure  of 

Ttes  spier's  tlunl  I«w  bj  sbowing  us 

nhiiiB  between  Uw  meui  disl&nces,  show 

Kt  rchiiia  between  s  ii  and  s  e  ;  and  then 


IW  ffaa  bere  deamboi  was  tbe  first  from  * 
I  may  m,ti£^tvry  estimate  o 
Kepler,  after  i 
r  «{  TvdU  Vnkt\  obs^rration^   of  : 
I  ibat  ibe  Sun's 
1 1'  (ar  B  ether  worie  ibat  t 
am  Aam  \Z\  tnil\L»,a  ot  n 
iti\  lAiimatinMi  were  surh  »^  i 

"gt    c» 

t  exact  «tie«  of  ubi 
•  tWFiuBAa 
•»  C«T«9*e.  wUe  I 
j|d  RarL  ahonJ  ]Iai>  at  1 

sof  tl...   


jonctioD,  as  in  fig.  10,  Venus  lies  direclly  towards  the 
Son,  and  even  though  visible  (in  powerful  le!eaco]ies), 
yet  is  seen  under  very  unfavourable  conditions.  The 
baekgrouod  of  the  eky  is  bright,  and  none  but  the  chief 
ttan  can  be  discerned,  unless  the  telescope  is  very 
large  and  jiowerfu!,  in  which  case  it  is  not  bo  well 
adapted  as  a  more  manageable  one  would  be,  for  the 
claHof  ubserrations  required.  Even  the  leading  stars 
are  but  faintly  seen ;  and  as  Venus  may  not  lie  near 
any  of  them,  the  kind  of  measurement  which  was  avail- 
able in  tlie  case  of  ilars  becomes  too  precarious  for  the 
liurpoee  of  determining  any  parallactic  displacement  of 
the  planet 

Heoce  the  direct  obscr\-atiott  of  Venus,  when  near- 
est to  us,  after  the  manner  applied  to  Mars,  is  not  a 
TcryraJu^le  method  of  determining  the  Sun't:  dis- 
lanK,  It  may  yet  be  applied  successfully  (according 
tuthe  plan  propotsed  in  1848  by  Dr.  Cjcrling  of  Mar- 
^otgl ;  bat  even  if  it  sboahl,  the  method  now  to  be 
contidered  ia  preferable. 

Vihen  Venos  ukI  the  Eartli  are  io  conjanction,  she 
■  Dot  commooly  on  a  direct  line  between  the  Earth  and 
itv  Son.  She  would  be  so,  if  the  p&th  v  v'  e*  lay  in  the 
ame  lert-l  with  the  path  £sf  e;  but  this  is  not  th« 
ate.  If  we  saiif'se  the  {>ath  £  £*  r  to  lie  in  the  plane 
<f  tbe  pAper,  then  the  path  r  v'  c'  must  be  Eap(n«e*l  to 
iatenect  that  plane  in  the  line  r'  v'  the  half  of  u'  v  v* 
JjIBg  itligfatlr  below  the  pUne  of  the  paper,  and  the 
ImIT  r'  r  r'  tligtitly  abore,  the  short  fines  near  T  and  r 
ibiMriiig  the  greatest  amount  o<f  aepantimi  between  the 
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would  be  greater  (because  v  is  nearer  to  u  v'  than  E  is) 
in  thn  proportion  of  e  c  to  c  v,  or  roughly  as  7  to  5, 
so  that  the  angler  vw'  (or  e  v  E')is  an  angle  of  about 
forty-nine  seconds.  Now  suppose  tliat  the  stations  k,  e', 
are  so  placed  on  the  Earth's  surface  that  the  base  line 
E  e'  is  known  to  be  about  6,000  miles  in  length ;  then 
the  distance  e  v  exceeds  6,000  miles  in  the  proportion 
that  the  radius  of  an  arc  of  forty-nine  seconds  exceeds 
that  arc,  or  roughly  as  4,200  to  1.  Hence  E  v  is  about 
25,200,000  miles,  and  B  s  exceeds  this  distance  in  the 
pTOportion  of  about  7  to  2,  or  conies  out  equaJ  to  nearly 
90,000,000  miles. 

But  for  many  reasons  this  direct  method  of  solving 
the  problem  of  the  Sun's  distance  has  not  been  hitherto 
applied.  In  the  first  place  it  is  absolutely  necessary 
that  the  observations  made  at  e  and  e'  should  either 
be  made  exactly  at  the  same  moment,  or  that  the 
difference  of  time  should  be  exactly  known,  so  that  the 
two  observations  may  be  fairly  compared  together. 
But  for  this  purpose  we  must  know  the  exact  position 
of  the  stations  E  and  e'  on  the  Earth,  so  as  to  be  able 
from  the  apparent  time  at  these  stations  to  infer  the  true 
time  at  Greenwich  or  some  other  fixed  station.  It  is 
easily  seen  that  a  very  slight  error  in  the  determination 
of  the  longitude  of  either  station  would  make  the  whole 
series  of  observations  useless.  For  example,  suppose 
the  observer  at  e  recorded  the  place  of  Venus  on  the 
Sun's  disc  at  apparent  noon  for  his  station  ;  and  that 
the  longitude  of  the  station  was  supposed  to  be  such 
that  this  epoch  corresponded   exactly  with  the  epoch 
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when  the  observer  at  e'  recorded  the  Sun's  position. 
Then  if  the  supposition  were  correct,  the  above  process 
would  be  available.  But  if  E  were  ten  or  twelve  miles 
to  the  east  of  the  supposed  longitude,  apparent  noon 
would  occur  a  minute  or  so*  earlier  than  at  a  place  in 
that  lon^tude.  But,  in  one  minute,  Venus,  as  seen  in 
transit,  moves  over  an  arc  of  about  twc  seconds  on  the 
Sun's  face,  so  that  the  observer  at  E  noting  her  place  a 
minute  or  so  too  soon  (so  far  as  the  comparison  with 
the  other  observer's  record  is  concerned)  would  set  her 
two  seconds  of  arc  out  of  place.  But  our  problem  is  one 
in  which  seconds  of  arc  are  all-important. 

But  this  is  not  all.  The  determination  of  the  exact 
place  of  Venus  on  the  Sun's  disc  at  any  epoch  would  be 
a  matter  of  extreme  difficulty.  It  would  be  necessary 
to  determine,  not  merely  her  distance  from  the  Sun's 
centre,  but  her  bearing  from  that  point,  and  a  very 
slight  error  in  either  determination  would  (in  so  delicate 
an  inquiry)  cause  a  considerable  error  in  the  determi- 
nation of  the  Sun's  distance.  There  is,  indeed,  a  way 
of  getting  over  this  difficulty  which!  touch  upon  in 
appendix  A ;  but  though  it  gives,  in  my  opinion,  the 
very  best  method  of  determining  the  Sun's  distance  now 
available  to  us,  it  requires  (as  will  be  seen)  a  prelimi- 
nary knowledge  which  was  not  possessed  when  the 
observation  of  Venus  in  transit  was  first  proposed  as  a 
means  for  solving  the  problem  we  are  upon. 

Accordingly  Halley  proposed  (in  1716)  a  plan  for 

*  The  exact  difference  of  time  would  of  course  d^'pcnd  on  the  latitude 
of  the  station. 
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evading  the  observational  difficulries.     He  suggested 
that  instead  of  attempting  to  estimate  the  position  t 
Venus  on  the  Sun's  disc  at  aiiy  moment,  the  observei 
at  two  stations  such  as   E  and  e',  should   time   tin 
passage  of  Venus  along  her  chord  of  transit.     >' eglect 
ing  for  a  moment  the  consideration  of  the  Earth's  rol 
tion,  Venus  would  seem  to  the  observer  at  E  to  describl 
such  a  path  as   I  v  m,  while  to  the  observer  at  e' 
would  seem  to  describe  such  a  path  as  f  v'  m'.     Now  ij 
we  know  the  length  of  time  ishe  takes  in  describinj 
these  chords,  we  know  the  length  of  the  chords,  sinoi 
the  rate  of  Venus's  motion  across  the  Sun's  disc  (I 
some  of  course  for  both  stations  on  the  assumptioi 
that  the  Earth  is  not  rotating)  is  known  from  the 
independently  of  her  actual  distance.     Hence 
very   simple   problem   in  geometry  to  determine   ihoj 
distance  separating  the  chords  /  m  and  (  m',  and  thencA 
as  in  the  former  case   to   determine  the  distance  <^ 
Venus,  and  so  that  of  the  Sun.  j 

Nor  does  the  fact  that  the  Earth  is  rotating  prevent! 
us  from  applying  this  method;  though  it  causes  thtf 
problem  to  be  somewhat  more  complicated.  Venue  in) 
fact  does  not  describe  quite  a  straight  chord  across  the] 
sun  as  seen  from  any  station  ;  nor  does  she  move  quitoj 
uniformly  ;  nor  again  is  her  rate  of  motion  across  thffi 
Sun's  face  exactly  the  same  as  seen  from  differeaif 
stations.  But  all  these  points  are  such  as  the  astrono*' 
mer  is  quite  accustomed  to  take  into  account,  nor  do: 
they  in  themselves  detract  one  whit  from  the  certainty 
with  which  Halley's  method  can  be  applied. 
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t  there  is  one  effect  of  the  Earth's  rotation  which 
bbe  very  carefully  considered  in  weighing  the  value 
Bey's  method.  It  is  absolutely  necessary  (since 
lion  of  the  transit  is  to  be  timed)  that  at  eacli 
1  ihe  bepnning  and  end  of  the  tramit  should  be 
Now  a  transit  may  laat  a  considerable  time — 
;  indeed  as  eight  hours;  and  it  may  not  always 
T  to  find  two  stations— one  far  to  the  north,  and 
iier  far  to  the  south,  at  each  of  which  both  the 
Li)g  and  end  of  the  transit  will  be  favourably 
For  it  must  be  remembered  that  a  large  part 
Is  £arth  is  unfitted  for  the  observer's  purposes.  We 
t  place  our  observers  on  the  open  sea,  nor  in 
I  where  bad  weather  ordinarily  prevails.  And 
[Deslion  of  the  weather  is  in  itself  a  great  difficulty, 
ransita  of  Venus  can  only  occur  in  December  or  in 
bBBis  obvious  from  a  consideration  of  fig.  10,  where 
it^ — the  points  near  which  the  Earth  must  be 
Fenus  in  conjunction  may  be  near  a  node — correa- 
Ito  the  Earth's  poaitwm  on  about  December  8  and 
fH.  Xow,  at  a  uorthem  station  in  June,  or  at  a 
a  station  in  December,  fair  weather  may  be  com- 
>  expected,  but  the  reverse  holds  as  respects  the 
1  Etation  in  a  December  transit,  and  the  south- 
ttioa  in  a  June  transit.  So  that  the  difficulty 
5  two  stations,  one  northern  the  other  southern, 
fr^rell  snitcd  for  observing  both  the  beginning  and 
d  nf  the  transits,  and  at  both  of  which  there  is  a  fair 
npect  of  dear  weather  at  l>oth  epochs,  is  a  very 
B  Otto. 
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Suppose  Venus  at  v  (fig.  12)  when  the  transit  first 

begins,  so  that  a  line  E  v  5  just  touches  both  the  Earth  • 
^'^f    and  Sun,  and  that  Venus  is  at  v'  when  the  transit  has 

fccjgfim  for  the  whole  Earth,  so  that  b'  Y  s  just  touches 
hoihihe  Earth  and  Sun.     Then  we  know  the  length  of 
E  e',  and  therefore  we  know  the  length  of  v  v'  which 
k  less  than   e  e'  in  the  proportion  before  used,  of 
about  five  to  seven.     We  also  know  exactly  how  long 
Venus  has  taken  to  traverse  this  arc  v  v',  and  there- 
fore, since  we  know  how  long  she  takes  to  complete  the 
circuit  of  her  orbit,  we  know  what  proportion  the  known 
length  V  V  bears  to  the  circumference  of  her  orbit. 
This  gives  the  circumference,  and  thence  the  radius  of 
her  orbit,  whence,  as  before,  we  learn  the  radius  of 
the  Earth's  orbit 

Here  we  have  supposed  the  Earth  at  rest.  But  as 
the  motions  both  of  the  Earth  and  Venus  are  known, 
the  relative  motion  of  Venus  is  known,  and  so  the 
conditions  of  the  problem  are  as  fully  ascertained  as  in 
the  simpler  case  actually  dealt  with. 

We  thus  see  that  the  phenomena  presented  at  the 
commencement  of  the  transit  are  suflScient  for  deter- 
mining the  Sun's  distance.  So  also  are  the  phenomena 
presented  at  the  end  of  the  transit ;  since  it  is  obvious 
that  as  Venus  passes  from  v  to  v'  similar  relations  will 
be  presented,  but  in  a  contrary  order. 

All  that  is  required,  then,  for  a  successful  application 
of  DeUsle's  method  is  that  one  observer  should  have  a 
favourable  view  of  the  commencement  (or  end)  of  the 
transit  from  some  place  on  the  Earth  where  the  transit 
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begins  (or  ends)  nearly  at  tlie  earliest,  and  that  another 
should  obtain  a  favourable  view  of  the  snmr  phase  at 
some  place  where  the  transit  begins  (or  ends  as  the  case 
may  be)  nearly  at  the  latest.  Both  observers  must 
time  the  commencement  (or  end)  of  the  transit  most 
carefully.  Then  to  compare  the  two  obseryatione,  in 
order  to  tell  the  absolnte  interval  of  time  between  tha. 
two,  we  must  know  the  exact  longitude  of  the  two 
places ;  for  the  observations  will  of  course  be  referred 
to  local  time,  so  that  in  order  to  compare  them, 
must  refer  them  to  some  standard  time,  as  that  dl 
Greenwich  or  Paris. 

Here,  then,  are  the  difficulties  in  Delisle's  method; 
unless  the  longitude  of  each  station  ia  accurately  known, 
and  furthermore,  the  exact  local  time  at  which  trangitj 
begins  or  ends,  the  determination  of  the  Sun's  distance 
will  be  inexact.  As  respects  the  former  point  thent 
is  little  difficulty,  only  the  observers  must  stay  & 
time  at  their  respective  stations,  making  suitable 
serrations  to  determine  the  longitude  of  the  statitHi: 
This  can  be  done  either  before  or  after  tlie  transit 
may  be  convenient  But  as  respects  the  determinatioB 
of  the  local  time  at  which  the  transit  begins  (or  ends 
as  the  case  may  be),  there  will  be  a  difficulty  if  bad 
weather  precede  and  follow  the  epoch  at  which  the 
phase  occurs.  For  we  can  only  determine  local  time 
exactly  when  the  weather  is  clear,  so  that  we  can 
make  suitable  observations  on  the  stars ;  and  during 
a  few  days  of  cloudy  weather,  the  best  astronomical 
time-pieces   will   get  a   second   or   two    wrong.      In 
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Halley'a  method  the  clock  may  be  altogether  wrong, 
yet  if  its  rate  be  fairly  good,  the  duration  of  the  transit 
will  be  aocorately  determined;  but  in  Delisle's  the 
clock  must  show  absolutely  correct  time. 

Here  again,  however,  the  difficulties,  so  far  from 
being  insuperable,  are  only  such  as  astronomers  are  in 
the  habit  of  dealing  with  and  mastering. 

Both  methods  were  applied  during  the  two  transits 
of  the  eighteenth  century.  Of  these  one  took  place  in 
Jane  1761,  and  the  other  in  June  1769.  Both  occur- 
ring during  the  summer  of  the  northern  hemisphere, 
the  Earth's  northern  pole  was  bowed  towards  the  Sun ; 
and  in  this  respect  the  circumstances  of  the  transits 
differed  importantly  from  those  of  the  transits  which 
are  to  occur  in  1874  and  1882,  for  both  these  will  take 
place  in  December,  when  the  southern  pole  of  the 
Earth  is  bowed  towards  the  Sun. 

The  transit  of  1761  was  not  observed  in  a  very 
satisfactory  manner.  It  was  a  transit  for  the  observation 
of  which  Delisle's  method  was  somewhat  better  suited 
than  Halley's,*  and  the  astronomers  of  the  eighteenth 

*  It  is  worthy  of  notice  that  in  tlie  case  of  two  transits  scpanitod  by 
an  int«iTal  of  eight  years,  the  former  is  commoaly  best  suited  for 
Delisle's  method,  the  latter  for  Ilalley  s.  Both  the  transits  will  occur 
at  the  same  season,  that  is,  Venus  will  either  be  near  her  ascending 
node  at  both  transits,  or  near  her  descending  node  at  both.  For  an 
interval  of  eight  yean  corresponds  almost  exactly  to  thirteen  revolutions 
of  Venus,  so  that,  supposing  Venus  near  a  node  when  in  inferior  con- 
junction, she  will  be  near  her  node  at  the  conjunction  occurring  eight 
years  later  (or  after  five  synodical  revolutions).  Now,  it  so  happens, 
that  the  line  of  these  successive  coi\junctions  in  the  same  neighbourhood 
continuaUy  regrades  round  the  ecliptic,  one  interval  being  in  fact  about  2^ 
days  lesa  than  eight  years.   Thus  the  latitude  of  Venus  at  successive  eight 


century  were  not  so  well  prepared  to  deal  witli  the 
difficulties  of  that  method  'as  those  of  our  time  will 

yearljcui^iaiiFtJoiiB  near  a  node  difTers  by  the  amouat  of  Vcdiu'h  motiiui 
in  latitude  (neur  a  aodp)  in  tlie  coune  of  2^  dajg.  Thus  the  appuval 
path  of  Venus  across  the  Sun's  disc  would  (as  supposed  U>  be  Men  frop 
the  Etirtll's  centre)  ba  as  1  1,  2  2,  fig.  13  (i).  when  she  u  ner  •— ^ 
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rising  node  er  when  both  Ihe  transila  are  Dscembcr  aoe» ;  and  n»  3  I 
1  i,  ig.  13  {n).  vheD  sbe  ia  at  a  desepuding  node,  of  when  boUl  ll 
iTansits  arc  June  ones.  [The  distance  between  1,  t  and  2.  2— uid  b 
Inreeu  3,  3  and  4,  i,  would  be  about  that  shown  in  the  figure,  uid  t] 
■tope  with  reference  lo  the  ecliptic  is  of  course  the  same'(approiiliiiitel; 
in  all  transits.  But  tho  pair  of  lines  may  hare  any  position 
ns  reapeclB  distance  from  Ihe  Sun's  cnntre.  Nov,  if  either  line  in  eillii 
figure  [alls  rery  near  tlie  centre  of  the  Sun's  disc  the  other  will  not  6 
OD  the  Sun,  and  there  will  be  only  one  transit  during  Iboee  years  whi 
this  conjanction  is  trarellbg  past  the  node.  This  will  happen  in  I 
inconsiderable  proportion  of  these  passages — a  circumstance  reqnilil 
notice  because  onr  treatises  on  astronomy  commonly  axsert  lliat  tnnti 
of  Venns  occur  at  successive  intervals  of  8,  131^.  8,  lO&i,  8,  UlJ.  4 
ycAra,  which  is  far  from  bdng  strictly  correct.  In  fact,  inate«d  of  tl 
transits  occnrring  at  eTerj  anch  passage,  very  nearly  half  the  p 
would  supply  only  one  Iransil.  The  list  in  Lalande's  astronainy 
wholly  untrustworthy  in  this  respect,  as  any  one  will  find  who  will  a 
cnlate  the  distAQces  of  Venus  from  her  nodes  at  the  conJDnetJM 
referred  to  in  that  list,]  To  resume ;— Taking  the  case  of  Vecemb 
transits  illustrated  by  fig.  13,  we  see  that  at  tbe  first  traosil  when  ti 
path  is  as  1.  1,  the  northern  station  from  which  the  path  will  t^ppt 
lowest  down  on  the  Son's  disc,  will  give  tlie  longest  iclerval;  andt 
advaatago  of  applying  HaDey's  method  will  depend  on  the  greatOMi . 
this  internal  ss  compared  witii  the  shorter  iotfi-FsJ.  during  which  thetr 
ait  luts  fls  seen  from  soma  southern  station.  Now  the  Earth  is 
and  the  effect  of  the  Earth's  rotation  comridervd  aUine  is  to  give  'V 
a  continual  slight  westerly  displacement  in  all  places  vbere  the  S 
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proTe  themselves.     Yet  the  result  of  the  observations 
then  'made,  which  were  interpreted  as  giving  a  solar 

moring  from  east  to  west — that  is,  at  all  places  save  those  close  by  the 
south  pole,  at  which  the  Sun  (being  above  the  horizon  all  daj,  or  nearly 
all  daj)f  mores  through  part  of  the  day  from  west  to  east.  Hence  at 
northern  stations,  where  Yenus's  path  is  longest,  she  is  hastened  on  her 
pnth  bj  this  westerly  displacement;  and  so  the  lengthening  of  her 
period  of  transit  is  diminished  and  the  value  of  Halley's  method  pro 
ianto  reduced.  At  southern  stations  the  shortening  will  be  increased 
at  places  where  the  transit  occurs  during  the  mid-day  hours,  and  dimT- 
nished  where  the  transit  occurs  during  the  midnight  (nominal)  hours. 
But  at  the  former  stations  the  apparent  path  of  Venus  will  not  be 
thrown  so  far  south  as  at  the  latter;  so  that  at  the  southern  stations 
also  we  find  tiiat  the  greatest  possible  shortening  due  to  parallax  can- 
not be  combined  with  an  additional  shortening  due  to  the  Earth's 
motion  of  rotation.  But  at  the  second  transit  of  this  set — when  Venus 
appears  to  follow  Fuch  a  path  as  2,  2  (fig.  13),  the  reverse  is  the  case. 
At  the  northern  station  Venus's  path  is  thrown  southwards  and  so 
shortened,  while  her  motion  across  the  Sun's  disc  is  hastened  (by  the 
effects  of  the  Earth's  rotation)  and  therefore  also  shortened ;  whereas  at 
the  southern  stations,  where  Venus's  path  is  most  lengthened,  her  motion 
across  the  Sun's  face  is  retarded  and  so  lengthened.  Ilalley's  method  is 
then  applicable  under  the  most  favourable  conditions  for  securing  a  con- 
siderable time-difference.  Similarly,  it  may  bi!  shown  that  at  a  June 
transit,  when  Venus's  path  is  as  3,  3  (the  first  of  a  pair),  Halley's 
m*^thud  is  not  so  favourably  applicable  as  at  a  June  transit  when  her 
piith  is  as  4,  4  (the  second  of  a  pair). 

Theoretically  this  is  just,  but  practically,  especially  in  December 
transits,  the  difficulty  of  securing  suitable  stations  near  the  pole  which 
is  turned  towards  the  Sun,  may  altogether  change  the  conditions.  As  a 
matter  of  fact,  indeed,  the  approaching  transits  of  1874  and  1882  are 
fxceptions  to  the  rule ;  and  I  have  been  able  to  demonstrate  that,  so  far 
iVjm  Halley's  method  being  most  favourably  applicable  in  1882  (as  the 
Astronomer-Royal  had  inferred  from  reasoning  resembling  the  above), 
there  is  no  retisonable  chance  of  its  being  applied  at  all  in  1882,  the 
only  two  southern  stations  where  it  is  possible  to  apply  the  method 
being  such  that  the  Sun  will  bo  barely  5°  above  the  horizon, — a  state  of 
things  preventing  all  exact  observation,  and  tissuredly  not  justifying 
exp^itions  to  stations  so  near  the  south  pole  th.it  the  obsen-ing  parties 
would  inevitably  have  to  winter  there.  On  the  other  hand,  I  have  also 
].)fen  able  to  demonstrate  that  Halley's  method,  besides  all  the  advantJiges 
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.parallax  of  8"*65,  corr^ponding  to  a  mean  distance  of 
about  94^00,000  miles,*  was  a  great  improvement  on 
any  before  obtained — and  better,  in  fact  (though  tliis 
was  due  to  chance),  than  that  deduced  from  the  more 
complete  and  satiafactory  observations  made  in  1769. 

The  transit  of  June  1769  attracted  an  amount  of 
attention  both  in  England  and  on  the  Continent  which 
afforded  very  creditable  evidence  of  the  scientific 
thusiasm  of  the  men  of  the  last  century.  The  Royal 
Society  presented  a  memorial  to  King  George  HI. 
requesting  that  a  vessel  might  he  fitted  out  at  GoverD- 
ment  expense  to  convey  skilfiil  obaervors  to  one  of  the 
stations  which  had  been  judged  suitable  for  observing 
the  phenomenon.  The  petition  was  complied  witbj 
and  afler  some  difficulty  as  to  the  choice  of  a  lesdUf' 

uisiDg  from  its  aimplicit?.  will  be  applicable  ODder  more  bran 
circumalftDCfs  than  DBlisle's,  in  187*.  It  ifl  neCBBsary  la  observe  dwli 
titetr  is  nothing  hjpotbclical  about  this  conclusioD.  The  diAi 
betweon  mj conttusionH  uul  tbosa  before  adopted ariaea  simpljfinmny. 
haviDg  taken  iato  contiidemtioii  fiicta  whicli  hod  been  (miaUkenijr) 
inukgiDcd  lo  be  «och  as  migUl  aafely  be  neglected.  Sinee  my  n  '--^ 
were  pulliabed,  papers  b;  Pelf  ra,  of  Altona,  sadb;  HuDBeii,  tba  am 
Oennan  mathematician,  huve«oDltriDei[  all  ihe  ciewsl  hod  ioMatedl 
See  liirther.  Appendix  A. 

*  It  iH  conrenieot  to  Dotice  that  if  the  solal  pamlloi  were  10"  UMl 
distance  af  the  Son  wanid  be  81,738,4^0;  and  the  distance  cocna[ 
ing  to  an  J  other  Talai'  of  the  parullox  can  be  dedaced  byBimpljdiTiding. 
817.384,2011  b;  tbe  number  expreaaing  such  parallui.  The  table  in 
FerguHon'B  jislroiioiny,  complacently  quoted  in  Chamber's  UnuHn^t, 
at  p.  248,  Ib  incorrect,  owing  to  the  Dtroneoue  estimnlo  of  the  Et 
mean  diameter  on  which  the  table  is  based.  Oddly  enough,  Mr.  Cham* 
bers  baa  combined  the  correct  estimate  for  the  pamUax  at  preaeat 
(ladopted,  with  Feii^son's  iucorrect  values.  It  would  almost  appeal  u 
though  the  Ggurea  Lad  been  simply  quoted  without  being  tested  in  aaj 
way,  were  not  such  on  idea  incredible. 
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the  ship  Endeavour,  of  370  tons  burden,  was  placed 
under  the  command  of  Captain  Cook.  Continental 
astronomers  also  betook  themselves  to  the  most  advan- 
tageous posts  for  observing  the  transit,  and  when  at 
length  Venus  came  between  the  Earth  and  the  Sun, 
her  arrival  and  passage  were  watched  by  observers  at 
Wardhus,  Kola,  and  Kajeneberg,  at  St  Petersburg, 
Orenberg,  Yakutsk,  Pekin,  Manilla,  Batavia,  Otaheite, 
St.  Josepli  (in  California),  Kola,  Hudson's  Bay,  and 
other  well-choseu  stations. 

Most  of  the  observations  of  the  transit  were  well 
and  skilfully  conducted ;  but  a  circumstance,  which 
now  for  the  first  time  attracted  serious  attention, 
caused  a  certain  difficulty  in  their  interpretation.  The 
observers  had  to  determine  the  exact  interval  of  time 
occupied  by  Venus  in  crossing  the  Sun's  disc — or  else 
in  certain  cases  the  exact  moment  of  time  when  she 
began  to  cross  the  solar  disc.  Jfow,  if  Venus  presented 
the  appearance  of  a  mathematical  point,  the  observation 
woi^ld  be  simply  described  in  the  words  I  have  just 
used.  But  as  Venus  has  a  disc  of  appreciable  dimen- 
sions, the  question  arises,  whether  the  commencement 
or  end  of  transit  shall  be  considered  with  reference  to 
the  mgmeut  when  the  disc  of  Venus  just  touches  the 
Sun's  disc  on  the  outside,  or  to  the  moment  when  her 
disc  just  touches  his  on  the  inside,  or,  finally,  to  the 
moment  when  her  centre  is  crossing  the  Sun's  edge. 
As  to  the  last  of  these  cases,  we  may  dismiss  it  at 
once  from  consideration,  because  no  observer,  however 
experienced,  could  pretend  to  determine  within  a  second 
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or  two  when  exactly  one  half  of  the  disc  of  Venus  was 
upon  the  Sun's.  Either,  then,  the  observer  must  note 
when  Venus  is,  as  at  A  (fig.  14),  just  touching  the  edge 
of  the  Sun's  disc,  s  s',  on  the  outside,  or,  as  at  B,  just 
touching  that  edge  (the  limb  as  astronomers  call  it)  on 
the  inside.  Now,  taking  the  case  of  ingress,  if  the 
observer  knew  exactly  where  Venus  would  be^n  to 
cross  the  Sun's  disc,  aa  at  a,  and  very  nearly  the  true 
inatant  of  such  ingress,  he  might,  if  the  weather  were 


./ 


very  favourable,  determine  within  a  second  or  two  tho, 
moment  when  fhe  unifonnity  of  the  limb  8  s' 
marred  by  the  encroachment  of  the  disc  of  Venus. 
But  as  a  matter  of  fact  neither  one  condition  nor  the 
other  is  fulfilled,  and  so,  even  under  favourable  circum- 
stances of  weather,  he  might  not  detect  the  exact 
commencement  of  ingress.  Nor  is  this  all.  By  favour- 
able weather,  I  mean  something  more  than  clear 
weather.  In  weather  which  seems  perfectly  clear  the 
telescopist  will  often  see  the  edge  of  the  Sun's  disc 
absolutely  rippled  through  the  eft'ects  of  atmospheric 
disturbance,  and  when  the  Snn  ia  near  the  horizon, 
even  in  good  observing  weather,  the  outline  of  the- 
disc  is  often  egregiously  disturbed.     Under  such  cir-  i 
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cmnstances  nothing  would  be  more  difficult  than  to  as- 
sign the  exact  mcmient  when  external  contact  took 
place.  But  these  are  the  very  circumstances  to  be 
looked  for  in  the  observations  necessary  for  determin- 
ing the  Sun's  distance.  The  Sun  must  be  low  down 
at  all  the  stations  most  suitable  (in  other  respects). 
For  the  essential  point  both  in  Halley's  method  and 
Delisle's — nay,  in  any  method  whatever  for  determin- 
ing the  Sun's  parallax — is  that  two  observers  shall  be 
as  far  as  possible  from  each  other  on  the  illuminated 
hemisphere  of  the  Earth ;  so  that  they  must  be  near 
the  rim  of  that  hemisphere.  In  other  words,  they  must 
be  near  that  great  circle  of  the  Earth  along  which  the 
Sun  is  seen  exactly  on  the  horizon.  The  Sun  then  will 
be  nearly  on  the  horizon  at  such  stations,  and  will  be 
viewed  necessarily  under  somewhat  unfavourable  con- 
ditions. 

It  was  this  consideration  which  led,  and  probably 
will  always  lead,  to  the  selection  of  internal  contact  as 
the  proper  phase  to  be  observed.  In  attempting  to  time 
the  moment  when  Venus  is  just  within  the  Sun's  disc, 
either  at  ingress  or  egress,  there  will,  of  course,  be 
difficulties  arising  from  atmospheric  disturbances ;  but 
on  the  whole  the  observation  of  this  phase  is  easier 
than  the  observation  of  external  contact. 

But,  unfortunately,  a  certain  peculiarity  affects  the 
appearance  of  Venus  when  just  within  the  Sun's  disc. 
Instead  of  appearing  circular,  she  assumes  (just  before 
she  leaves  the  Sun's  edge  at  ingress,  or  just  as  she 
reaches  it  at  egress)  a  pear-shaped  aspect,  as  at  1 
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ffig.  15),  or  such  an  aspect,  as  at  2  or  3,  according  to 
the  nature  of  tlie  telescope  made  use  of,  the  conditions 
of  the  atmosphere,  and  the  visual  power  of  the  observer. 
Thus  the  question  arises,  whether  the  assumption  of 
this  aspect  is  to  be  regarded  as  the  true  moment  of 
internal  contact,  or  whether  that  is  the  true  moment 
when  the  circular  part  of  Venus's  apparent  outline,  if 
Fio.  15. 
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continued  so  as  to  form  a  complete  circle,  would  just 
touch  the  Sun's  outline.  Between  one  moment  and 
the  other  several  seconds  occur,  and  the  whole  question 
is  one  of  seconds. 

Here  is  a  difficulty  of  grave  importance ;  for  it  is  to 
be  noticed  that  a  practised  eye  would  be  needed  to 
determine  the  moment  when  the  outline  of  Venus 
would  just  touch  the  Sun's  if  undisturbed,  and  even  a 
practbed  eye  might  well  be  deceived  on  such  a  point. 
On  the  other  hand,  though  an  observer  might  time  the 
exact  moment  when  the  outline  of  Venus  is  just  clear 
of  the  Sun's  (and  within  it),  either  at  ingress  or  egress, 
yet  as  this  moment  depends  (as  already  mentioned)  on 
the  qualities  of  the  telescope  and  on  the  observer's 
visual  powers — probably  also  on  the  state  of  the  weather 
— there  is  room  for  a  considerable  error  to  creep  in. 

I  shall  discuss  further  on  the  interpretation  of  the 
peculiarity  just  considered.     At  present  the  point  to 
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be  attended  to  is  the  acttial  effect  produced  by  this 
peculiarity^  upon  the  trustworthiness  of  the  results 
obtained  in  1769.  The  observers  were  for  the  most 
part  unprepared  for  the  serious  difficulty  which  the 
peculiarity  actually  introduces.  Although  in  1761 
Venus  had  been  distorted  at  ingress  and  egress,  while 
Halley  himself  had  in  1753  noticed  that  Mercury 
exhibited  a  similar  distortion,  it  had  not  occurred  to 
astronomers  to  discuss  the  phenomenon  and  so  to  be 
enabled  to  point  out  how  the  difficulty  might  be  got 
over.  In  fact,  the  whole  matter  had  been  so  completely 
overlooked,  that,  as  I  have  said,  few  of  the  observers 
in  1769  were  prepared  for  the  peculiarities  which 
Venus  presents  when  in  interior  contact  with  the  Sun.* 
The  result  was  that  much  difficulty  was  experienced 
in  interpreting  the  observations.  It  will  be  understood 
that  more  observations  were  made  than  were  actually 
necessary  for  the  solution  of  the  problem.  One  pair 
of  observations,  if  absolutely  exact,  would  have  sufficed 
to  determine  the  Sun's  distance ;  but  as  errors  must  to 

•  There  is  nothing  more  remarkable  in  the  history  of  astronomical 
observations  than  the  little  preparation  made  for  important  occurrences, 
such  as  transits  and  eclipses,  so  far  as  the  actual  observation  of  the 
phenomena  is  concerned.  Abundant  preparation  is  made  as  far  as 
instmmental  means  are  concerned;  but  again  and  again  the  history 
of  astronomy  exhibits  cases  where  the  actual  phenomena  of  transits  and 
eclipses  take  the  observer  by  surprise,  and  so  are  not  observed  as  well 
as  they  might  have  been,  even  when  abundant  information  has  been  in 
reality  available  for  the  instruction  of  those  who  are  to  take  part  in 
watching  such  occurrences.  There  is  much,  for  example,  in  the  history 
of  eclipse-obMrvations  that  is  exceedingly  painful  to  the  real  lover  of 
science,  more  particularly  in  the  wearisome  repetition  of  observations 
which  have  already  revealed  all  they  can  reveal,  and  in  the  apparent 
dearth  of  invention  as  respects  the  devisal  of  new  modes  of  research. 
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a  greater  or  less  extent  all'ect  all  obseryalions,  it  vraJl 
necessary  that  many  sets  should  be  made  in  order  tha^ 
the  mean  result  should  be  taken.  Now,  iu  all  such 
cases  tlie  amount  of  reliance  which  is  to  be  placed  on 
the  final  or  mean  result  depends  on  the  closeness  with 
which  the  several  results  aggregate  round  the  mean. 
Precisely  as  we  should  place  little  reliance  on  the 
deduced  mean  of  a  series  of  ordinary  measurements 
which  differed  considerably  inter  se,  so  astronomers 
would  not  be  prepared  to  accept  with  confidence  a 
value  of  the  Sun's  distance  which  was  the  mean  oC 
several  discordant  results.* 

Now,  the  observations  made  in  1769  were  in  thi» 
respect  much  more  satisfactory  than  those  made  in 
1761 ;  but  owing  to  the  peculiarity  I  have  mentioned 
they  did  not  accord  so  well  by  any  means  as  might 
have  been  anticipated. 

It  is  not  too  much  to  say  that  in  the  attempts  first 
made  to  determine  the  Sun's  distance  by  means  of  the 
transit  observations  of  1769,  no  settled  pi-inctple  was 
adopted.  It  was  not  much  to  be  wondered  at,  therefore, 
that  the  estimates  of  the  solar  parallax  varied  between 
somewhat  wide  limits;  so  that  whereas  some  mathe- 
maticians made  the  solar  parallax  as  great  as  9"*2, 
others  obtained  a  value  of  only  7""5.  The  correspond- 
ing values   of   the   Sun"s    distance   are    respectively 

*  The  total  nnmbar  nf  obserTGrs  in  1761  was  no  less  thm  63— thlU 
diatributed ;  13   iu  North  Eorop*.  8  in  England,  16  ia  Francf, 
Spun,  Portugal,  and  Italj,  Ifl  in  Germany,  and  3  in  other  pli 
17SS  then  vore  obaervera  at  SO  stations  io  Europe,  6 
Anericft,  and  at  one  station  in  Polynesia. 
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87,890,780  and  108,984,560  miles, — a  range  compared 
with  which  recent  discrepancies  seem  insignificant.* 

Duriogthe  years  1822  and  1824,  Encke  re-examined 
the  whole  series  of  observations  made  on  the  transits 
of  1761  and  1769.    With  wonderful  patience,  especially 
when  we  consider  the  nature  of  his  materials,  he  com- 
bined together  the  results  of  no  less  than  149  observa- 
tions made  during  the  former  transit,  and  as  many 
made  (at  75  stations)  during  the  second.     From  the 
transit  of  1761  he  deduced  for  the  Sun's  parallax  the 
value  8''*49,  and  from  the  transit  of  1769  he  deduced 
the  value  8'''60;t  while,  by  combining  the  two,  he 
arrived  at   8""5776,  the  value  which  was  employed 
during  so  many  years  in  the  *  Nautical  Almanac '  and 
other  like  works.     The  corresponding  distance,  viz., 
95,274,000  miles,  held  its  ground  during  all  those  years 
in  popular  treatises  on  astronomy. 

It  is  somewhat  surprising,  considering  the  evidence 

♦  The  results  of  the  transit  of  1761  aro  tlius  summed  up  in  Dr. 
Bruhn'B  Life  of  Encke  (Johanii  Franz  Encke,  sein  Leben  und  Wirken)  : — 
Short  obtained  a  pirallax  of  between  8"-47  and  8"-62 ;  Pingr^,  10"; 
Kumowski,  8"*35  ;  Planmann,  8"*2 ;  Audefredy,  9"*2.  From  the  transit 
of  1769,  adds  Bruhn,  Wm.  Smith  deduced  a  parallax  of  7"'5  ;  Hornby, 
8"-78;  Pingr6,  9"-2,  8"-88,and  8"-43;  Lalando,  8"-8 ;  Lexcll,  byEuler's 
method,  between  8"-65  and  8"-86,  whence  he  finally  adopted  8"-8.  The 
value  of  the  Snn*s  distance  corresponding  to  all  these  results  can 
be  at  once  deduced  from  Table  II.  at  the  end  of  this  work ;  save  only  the 
distance  corresponding  to  7"*5  (in  Bruhn's  work  it  is  written  T'5)  which 
is  stated  above. 

t  The  actual  results  deduced  by  Encke  were — from  the  transit  of 
1761,  8'''490525  + 0-0607 12";  from  that  of  1769,  8"-6030  +  0"-0460 ; 
from  the  two  combined,  8"-5776  +  0"0370—3-01205p,  where  «p  is  the 
correction  for  the  Sun's  hcmi-diameter  (estimated  by  Encke  at9o8"-424). 
Later,  Encke  deduced  the  value  8"-6716,  by  introducing  some  corrections 
in  his  work.  ' 
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wljich  was  afforded  by  the  discrepancies  between  the; 
observations  made  in  1761  and  1769,  that  ibis 
should  have  been  regarded  with  such  confidence,  sinca 
it  needed  but  a  brief  examination  of  the  basis  on  which 
Encke'a  result  was  founded,  to  see  that  no  faith  whaW 
ever  could  be  placed  in  three  at  least  out  of  the  five 
oumerala  in  the  expression  8"'5776.  Delambre  regarded 
8"'6,  very  justly,  as  the  most  probable  value  of  the 
eolar  parallax  half  a  century  ago.  It  waa  riglitl] 
•admitted  that  the  observations  of  Venus  in  trai 
afforded  the  most  reliable  residts;  but  Deland 
Besset,  and  other  astronomers  of  eminence,  were 
from  adopting  the  value  8"'5776  with  that  implicit 
fidenee  which  caused  the  corrections  made  in  rew 
times  to  attract  bo  much  notice,  and  bo  greatly 
surprise  the  general  public. 

The  observation  of  Venus  in  transit  being  admit- 
tedly the  most  trustworthy  method  of  determining  the 
Sun's  distance,  it  might  have  been  supjwaed  tliat  no 
new  results  could  serve  to  throw  doubt  on  those  deduced 
by  Encke,  until  the  time  should  come  when  Venoa 
would  again  cross  the  Suu's  face — that  is,  until  the 
year  1874,  But  the  rapid  progress  of  science  during 
the  past  half  century,  though  it  has  not  served  to  alter 
the  relative  value  of  different  methods  for  determining 
the  Sun's  distance,  has  enabled  astronomers  to  apply 
some  of  tlie  less  ]iowerful  methods  in  so  much  more 
effective  a  manrier  than  of  old,  as  to  obtain  more  trust- 
worthy results  than  had  followed  from  the  best  method 
of  all  when  less  skilfully  applied. 


Amongst  tlie^e  relatively  inferior  methods,  no  less 
6uin  four  are  novel ;  but  a  very  brief  description  must 
fiuffice  for  each. 

It  liad  been  noticed  by  Laplace,  towards  the  close  of 
the  last  century,  that  among  the  iierturbations  of  the 
Moon  there  is  one  which  depends  on  the  Sun's  distance. 
Soppofie   M,  M,  M,  M^  to  represent  the   Moon's   path 


around  the  Earth,  K.  Then  clearly  as  the  Moon  moves 
from  M,  through  M,  to  M,,  she  is  disturbed  by  the  Sun's 
action,  which  is  here  greater  on  the  Moon  than  on  the 
more  ilistant  Earth.  On  the  other  hand,  while  the 
MooQ  IB  moving  from  M,  through  M,  to  M^,  she  is  dia- 
tnrbed,  because  the  Sun's  action  is  greater  on  the  Earth 
than  on  her.  M'ithout  entering  into  an  exact  investi- 
gation of  the  effects  thus  produced,  it  is  abundantly 
evident  that  the  Sun's  perturbing  effect  In  the  former 
caec  will  be  greater  than  in  the  latter,  because  the 
rttdh]9  of  the  orbit  M,  m,  Mj  m,  clearly  bears  a  greater 
|iraportion  to  m,  s  than  to  m,  8.  The  Moon's  orbit  is 
tiidec«i  so  minute  compared  with  the  Sun's  distance,  that 
the  difference  is  very  slight ;  but  still  there  is  a  differ- 
ence. When  the  Moon  is  at  m,  tho  Sun  tends  to  pull 
■  more  strongly  away  from  the  Earth  than  he  tends 
I  the  Eutb  away  from  the  Moou  when  the  latter 


ia  at  Hj ;  and  a  similar  preponderance  holds  for  other 
and  corresponding  positions  of  the  Moon  and  Earth. 
It  follows  that  there  is  a  slig^ht  variation  in  the 
Moon's  motion  depending  on  this  cause  alone,  and 
readily  admitting  of  being  estimated  theoretically, 
while  the  continued  observations  made  by  astronomers 
on  the  Moon's  motions  suffice  to  show  bow  great  the 
perturbation  really  is.  It  is  only  necessary  to  compare 
the  theoretical  with  the  observed  value  to  deduce  tie 
Sun's  distance ;  only,  of  course,  the  accuracy  of  the 
result  will  depend  on  the  number  and  accuracy  of  the 
observations.  Laplace,  with  the  best  observations 
available  in  his  time,  deduced  for  the  Sun's  parallax 
the  value  8"-6,  corresponding  closely  with  the  value 
subsequently  deduced  by  Encke  from  the  transits  of 
Venus.  '  It  is  remarkable,'  wrote  Laplace,  '  that  an 
astronomer,  without  leaving  his  observatory,  by  merely 
comparing  his  observations  with  analysis,  has  thus  been 
enabled  to  determine  the  distance  of  the  Earth  from 
the  Sun — an  element  the  knowledge  of  which  haa 
been  the  fruit  of  long  and  troublesome  voyages  in  both 
hemispheres.' 

But  this  method  is  clearly  one  which  modem 
astronomers  can  apply  much  more  eifectively,  because 
the  observatioiiB  at  their  disposal  are  so  much  more 
numerous  and  so  much  more  exact.  Accordingly, 
Hansen,  the  eminent  mathematician  and  lunarian, 
announced  in  1854,  in  a  letter  addressed  to  the 
Astronomer  Royal,  that  this  method,  applied  with  the- 
aid  of  his  new  tables  of  the  Moon,  gave  a  solar  parallax 
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f  8"-9159,  corresponding  to  a  distance  of  91,659,000 
liles. 

Another  method,  depending  on  the  apparent  motions 
fthe  Sun,  was  applied  (with  a  very  similar  result)  by 
ieverrier. 

If  the  Earth  had  no  satellite  she  would  travel  on  her 
Jiptic  orbit  round  the  Moon,  with  no  other  perturba- 
ons  than  those  produced  by  the  planets.  But  since 
le  has  a  satellite,  whose  mass  is  an  appreciable  though 
aall  aliquot  part  of  her  own,  she  is  disturbed  precisely 

the  same  way,  though  not  to  the  same  extent,  that 
e  Moon  is  disturbed.  The  Moon  travels  once  in  a 
nar  month  around  her  orbit,  but  the  point  round 
lich  the  Moon  moves  is  not  the  centre  of  the  Earth, 
it  the  centre  of  gravity  of  the  Earth  and  Moon  ;  and 
ound  that  centre  of  gravity  the  Earth  also  travels 
ce  in  a  lunar  month.     Now,  precisely  as  an  observer 

the  Moon  would  have  in  effect  the  range  of  the 
oon's  orbit  around  this  centre  of  gravity,  as  a  base- 
le  by  which  to  estimate  the  Sun's  distance,  so  the 
server  on  the  Earth  has  the  range  of  the  Earth's  orbit 
Dund  the  same  centre  of  gravity  for  the  same  purpose, 
le  diameter  of  this  last-named  orbit  is  indeed  very 
lall — little  more,  in  fact,  than  three-fourths  of  the 
irth's  own  diameter ;  but  by  the  radius  of  this  small 
bit  the  Earth  is  sometimes  in  advance  and  sometimes 
hind  her  mean  position.     In  other  words,  her  motion 

longitude  (that  is,  her  angular  motion  round  the 
m)  is  not  equable.  Over  and  above  the  variation  of 
r  velocity  due  to  the  ellipticity  of  her  path,  there  is 
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this   alternate   advance  and    (relative)    retrogreaiioi 
having  for  its  period  a  lunar  luontli.     Ob\-ii>ualy,  th 
observed  effect,  bo  far  as  the  astronomer  \s  conccmei 
is  an  apparent  irregularity  in  the  Suu's  moUon,  baTiD 
the  same  period  of  one  lunation.     The  effect  is  exceec 
ingly  minute:  it  is  less  than  the  displacement  of  i 
Suu  asseenfroDidifferent  parts  of  the  Earth;  and,  as 
have  seen,  this  effect  could  never  be  employed  to  dete| 
mine  the  Sun's  distance.  Why,  then,  it  may  be  aekei 
is  the  other  and  smaller  effect  available  9     For  tU 
reason  simply,  that  the  daily  observations  made  on  ' 
Sun  in  the  meridian   supply  a  fund  of  materiala 
estimating  the  effect  lu  question.     Such  observatii 
are  made  (severally)  at  one  station  by  one  telesoopq 
and  if  not  by  one  observer,  yet  by  a  series  of  obserret 
who  are  always  working  together,  so  that  their  reUtiv 
modes  and  powere  of  observation  are  comparable 
g  ether.* 

Leverrier,  by  the  carefiil  study  of  an  enorm 
number  of  observations  on  the  Sun,  made  at  thf 
principal  observatories  in  Europe,  came  to  the  con 
elusion  that  the  Sun's  parallax  is  8"'9d,  correspondim 
to  a  mean  distance  of  91,330,000  miles.  Mr.  Stont 
however,  has  detected  a  numerical  error  in  A^ 
Leverrier's  calculations ;  and  when  this  error  is  coP^ 
rected   the  value  8"'91    results,  coiTcsponding  to    t 

*  Thp  great  point,  howorer,  is  that  rJl  the  obMrvations 
diooal.   Were  extra-meridional  observatioQK  of  the  Sunns  tnistworthy  M 
thote  mnde  on  the  meridinn,  the  Sun's  distancs  could  hare  been  lor 
since  delerniined   through  those  efiecta  of  the  Earth' 
depend  un  the  length  of  bee  diameter. 


Tmm 


ITS  DISTANCE  AND  DIMENSIONS.  53 

distanceof  91,739,000  miles.*  Mr.  Simon  Xewcomb, 
of  America,  has,  by  the  application  of  the  same 
method,  deduced  the  parallax  8'' '84,  corresponding  to  a 
distance  of  about  92,500,000  miles. 

MM.  Fizeau  and  Foucault  applied  a  method  differing 
wholly  in  character  from  any  that  had  before  been 
thought  of.  It  seems  at  first  sight  incredible  that  the 
ingenious  combination  of  revolving  wheels  or  mirrors 
should  serve  to  determine  the  Sun's  distance;  but  such 
is  the  case.  The  essential  point  in  the  new  method  is 
the  direct  measurement  of  the  velocity  with  which 
light  travels.  This  velocity  had  been  determined  in 
two  wavs  bv  astronomers,  or  rather  it  had  been  dis- 
covered  in  one  way,  and  the  deduced  result  had  been 
confinned  in  another.     When  Jupiter  is  in  opposition — 

♦  Erery  methcxi  of  solTing  the  problem  of  the  Sun's  distance  has  its 
special  ditiiculties.     In  Leverrier's  methwi,  the  accuracy  of  the  result  is 
»holIj  dependent  on  the  accuracy  of  our  estimate  of  the  Moon's  mass; 
ft'i"  dearly  on  this  estimate  depends  the  extent  we  are  to  assign  to  the 
Earth's  monthly  orbital  motion  around  the  common  centre  of  gravity 
of  the  Earth  and  Moon.     But  the  Moon's  mass  is  only  measurable  by 
obtervaf  ions  determining  the  amount  of  the  nutation  of  the  Earth's  axis, 
a  qmintity  of  the  same  minute  order  as  the  solar  parallax  itself.     Still, 
this  method  has  the  advantage  of  depending  on  a  vtry  large  number  of 
•bservations,  both  as  respects  the  determination  of  the  Moon's  nutation, 
md  that  of  the  inequality  of  the  Sun's  motion.     It  is  obvious  that  the 
itter  inequality  may  be  employed  either  to  <letermine  the  Moon's  mass 
k'hen  the  Sun's  distance  is  known,  or  x^ice  v(r!<d.     It  has  been  employed 
oth  ways,  Delambre  having  deduced  the  value  of  the  Moon's  mass  by 
his  mode.     The  way  in  which  the  inequality  is  applied  will  depend  on 
le  question  whether  the  Moon's  mass  or  the  Sun's  distance  is  supposed 
>  be  best  known  by  other  metJwds.     At  present  it  is  assumed  that   the 
[oon's  mass  is  the  more  accurately  determined  element;  but  doubthss 
fter  the  tran.«it8  of  1874  and  1882  the  inequality  in  the  Sun's  motion  in 
ngitnde  will  be  applied  to  determine  the  Moon's  mass  from  the  known 
stance  of  the  Son. 
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at  which  time  he  is  nearest  to  ua — the  eclipses 
oceultatioiis  oi*  his  satellites  were  foupd  to  occur  a  few 
minutes  eailier  than  had  been  calculated;  whereaa 
when  he  ia  near  conjunction  these  phenomena  occul 
before  the  calculated  time.  Kiimer  first  pointed  out 
the  meaning  of  this  observation.  He  showed  that  the 
phenomena  really  occur  at  tlie  calculated  epochs,  hu^ 
that  the  light  whicli  brings  to  us  the  account  of  tfaoM 
phenomona  reaches  ua  more  quickly  when  Jupiter  i> 
nearer  to  us  than  when  he  ia  farther  away.  Bradlef 
afterwards  found  In  this  discovery  the  explanation 
the  aberration  of  the  fixed  stars.  If  light  travelled 
with  infinite  velocity  we  should  see  the  stars  in  the 
same  direction  whether  the  Earth  was  at  rest  or  in 
motion.  But  as  the  velocity  of  light,  though  very 
great,  is  yet  not  infinite,  the  apparent  direction  in  whudl 
the  light  from  a  star  reachea  the  terreatrial  obaerreo 
is  affected  by  the  motion  of  the  Earth,  according  to 
law  precisely  similar  to  that  which  causes  the  apparenl 
direction  of  the  wind  to  be  affected  by  the  motion 
an  ol>Berver  who  is  ra|tidiy  carrieti  onwards  in  a  carriagi 
or  other  vehicle.  And  when  Bradley  determined  tlu 
amount  of  the  aberration  of  the  fixed  stars  at  difFereai 
eeasouB,  be  found — and  astronomers  have  since  sbuiH 
dantly  confirmed  the  result— that  the  precise  velocity 
assigned  to  light  by  Romer  was  that  required  tt 
account  for  the  peculiarity  which  affects  the  apparent 
place  of  every  atar  in  tlie  liea\  ens,  as  the  Earth  swee^ 
onward  on  her  yearly  orbit. 

But  it  will  be  seen  that  neither  observation  auppli 
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the  means  of  directly  determining  the  velocity  of  b'ght 
m  miles  per  second.  All  that  was  known  was — first,  that 
light  takes  a  certain  interval  of  time  in  crossing  the 
Earth's  orbit  (or  some  known  chord  of  that  orbit) ;  and, 
secondly,  that  the  velocity  of  light  bears  a  certain  pro- 
portion to  the  Earth's  velocity  in  her  orbit.     Until  the 
exact  dimensions  of  the  Earth's  orbit  are  known,  neither 
of  these  facts  informs  us  of  the  real  velocity  of  light. 
Judging,  however,  from  Encke's  estimate  of  the  Sun's 
distance,  astronomers  concluded  that  light  travels  at  the 
rate  of  no  less  than  192,000  miles  in  a  single  second  of 
time. 

It  might  seem  altogether  hopeless  to  attempt  to  esti- 
mate directly  a  velocity  so  enormous  as  this.    Remem- 
bering how  the  velocity  of  sound  has  been  measured, 
and  considering  only  the  application  of  a  similar  method 
to  the  case  of  light,  how  utterly  futile  does  the  very 
thought  of  such  an  attempt  appear  I     We  can  make  a 
signal  when  a  sound  is  heard  at  one  station,  and  ob- 
servers at  another  station  can  note  how  long  the  sound 
takes  in  reaching  them ;  because  where  the  stations  are 
at  a  considerable  distance,  an  appreciable  time  elapses 
before  the  sound  travels  from  one  to  the  other.     But 
the  very  best  signal  we  can  use  is  some  visible  signal 
(in  preference,  I  mean,  to  some  electric  signal),  i.e.,  a 
light-message,  which  travels  so  quickly  that  we  can 
wholly  neglect  the  time  it  has  taken,  in  comparison  with 
that  taken  by  the  sound.    Obviously,  we  have  no  such 
means  of  measuring  the  passage  of  light,  for  what  is  our 
signal  to  be  if  the  velocity  with  which  it  is  conveyed  is 
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80  largely  to  exceed  the  velocity  of  ligtit  that  we  can 
neglect  the  time  occupied  in  its  transmission  ?  Bui  if 
we  had  even  a  satisfactory  answer  to  this  question  {in- 
etead  of  having  none  whatever),  the  problem  would 
yet  be  insoluble  in  this  manner.  Suppose  the  light 
were  shown  at  a  distance  of  500  miles — about  the  limit 
at  which  any  terreatrial  light  cnnld  be  seen,  even  under 
the  most  favourable  atmospheric  conditions — yet  the 
time  occupied  by  the  light-waves  in  traversing  this 
distance  would  be  but  about  the  360th  part  of  a  second. 
What  instrument  or  what  observer  could  note  such 
interval — to  say  nothing  of  measuring  it,  which  wonlj 
yet  be  absolutely  essential  to  the  successful  solution  of 
the  problem  ? 

I  shall  not  here  enter  into  a  full  account  of  the  meaita 
by  which  Foucault  and  Fizeau  solved  a  problem  appa- 
rently so  intractable,  referring  the  reader  to  '  Pouillet'a 
Physics'  and  other  works  in  which  the  subject  of  light 
is  dealt  with.  The  general  principle  of  the  method 
employed  by  Fizean  maybe  thus  presented.  Suppose 
we  see  an  object  by  light-rays  which  have  been  caused 
to  traverse  a  long  path  by  means  of  several  reflections. 
Now  conceive  that  the  continuity  of  the  long  path  ia 
simultaneously  broken  at  regular  intervals  at  two 
points,  one  near  the  beginning  the  other  near  the  end 
of  the  path,  the  path  being  broken — re-made  ^broken 
— re-madc,  and  so  on.  Then  if  light  travelled  with  in- 
finite velocity,  the  light-rays,  which  at  any  instant 
traversed  the  first  part  of  the  path  at  a  time  when  the 
path  was  made  there,  would  traverse  the  last  part  also, 
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bectiue  at  that  same  instant  the  path  would  be  com- 
plete there  also.     But  light  not  travelling  with  infinite 
\'Awitjy  the  light-rays  which  pass  the  first  part  of  the 
pith  may  be  stopped  by  the  break  in  the  second  part, 
if  the  interval  between  the  making  and  breaking  be  but 
short  enough.     Now,  Fizean  had  a  revolving  toothed 
wheel,  and  matters  were  so  arranged  that  when  a  tooth 
of  this  wheel  was  opposite  a  certain  small  aperture,  the 
path  of  light  was  broken  both  at  its  beginning  and 
end,  for  the  light  had  to  pass  through  this  aperture, 
and  then,  after  pursuing  a  long  course,  to  pass  out 
again  through  the  same  aperture.     Now,  when  the  re- 
volution was  moderately  rapid,  light-rays  which  passed 
through  the  aperture  found  the  aperture  open  when 
they  came  back  again  to  it ;  but  by  causing  the  revo- 
lution to  be  very  rapid  indeed,  so  that  a  very  minute 
fraction  of  a  second  elapsed  between  the  passage  of 
successive  teeth  across  the  aperture,  it  Avas  possible  to 
cause  the  light-rays  which  had  entered  Avhile  the  aper- 
ture was  open  to  be  prevented  from  passing  out  again 
by  the  interference   of  a  tooth  of  the  wheel.     It  is 
easily  seen  that  when  the  wheel  revolved  at  this  parti- 
cular rate  there  would  be  a  total  eclipse  so  far  as  light 
coming  through  the  aperture  was  concerned.  For  light 
which  went  in  when  any  portion  of  the  aperture  was 
free,  would  return  to  the  aperture  Avhen  just  that  por- 
tion of  the  aperture  was  closed.     Then,  as  Fizeau  had 
the  means  of  telling  at  what  rate  the  wheel  was  revolv- 
ing when  total  eclipse  thus  occurred,  he  could  tell  pre- 
cisely what  fraction  of  a  second  elapsed  between  the 


passage  of  tooth  after  tooth  across  the  aperture ;  and 
knowing  the  length  of  the  path  traversed  by  the  light- 
rays  he  could  measure  the  velocity  of  light  with  a  con- 
siderable degree  of  accuracy-  Foucault  adopted  aa 
arrangement  iu  which  a  ]ilane  mirror  was  caused  to 
rotate  very  rapidly,  and  the  principle  of  hia  plan 
(which,  to  be  fully  explained,  would  require  more  space 
than  is  here  available)  depends  on  the  duration  of  visual 
impressions.*  Fizeau's  method,  in  some  respects  in- 
ferior to  Foucault's,  resulted  in  assigning  to  light  a 
velocity  of  194,600  miles  per  second;  but  Foucault'i 
gave  a  velocity  of  only  185,300  miles  per  second,  faU- 
ing  considerably  short  of  the  estimate  of  192,000  miles 
above  referred  to.  So  satisfactory  were  Foucault'a 
experiments,  that  this  discrepancy  was  held  gravely  to 
affect  the  estimate  of  the  Sun's  distance,  on  which  the 
latter  value  is  based.  It  would  follow,  if  Foucault'» 
experiments  were  held  to  indicate  truly  the  velocity  of 

"  It  rosy  be  IhuB  eihibited: — An  imsgB  of  a  certain  wire  w 
directly.  Bod  vhen  i>  certain  plana  mirror  which  can  bo  rapidly  i«vulTtl 
is  in  ■  certain  poBitioii,  lbs  image  of  the  virr  is  cnUHol  to  appear  ' 
coincidence  with   the  tifo  seen  directly.      Tbe  mirrar  ia  bo   rgUl«d 
aa  to  take  up  once  in  each  rotation  the  required  pusition ;  tad  w>  long 
M  the  TotatiiiD  ia  bIow  the  reflected  image  makes  succensire  appM^ 
ances.    With  an  increase  in  tbe  velocity  of  rotation  the  image  appcw* 
cnatinuoualy  in  one  place — owing  ta  the  continuance  of  tisible  in 
siuna.     Now.  formoderale  velocities  of  rotation,  the  position  thus  takem 
up  by  the  imnge  coincides  with  that  of  the  wire  seen  direcUy. 
with  a  rery  rapid  rotation  the  position  of  the  mirror  suited  far  « 
the  image  to  be  visible  (after  reflection),  nn  longer  accords  appiedablj 
with  the   positiaD  required  when  tbe  mirror  is  at  rest.     Acconliii|~ 
the  image  appears  appreciably  Bepiiratcd  from  the  wire  seen  direct 
and  the  amount  of  SBpatation,  combiD«i  with  the  knuwa  velocity  of 
tation,  supplies  the  means  of  eatimalinR  the  velocity  of  light. 
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light  in  the  interplanetary  spaces  (as  well  as  in  air), 
that  the  Sun's  mean  distance  would  be  but  91>400>000 
miles,  his  parallax  S'''QA2. 

Yet  another  method  was  suggested  by  the  Astro- 
nomer Royal.    He  pointed  out  that  instead  of  compar- 
ing the  position  of  Mars  on  the  sky  (when  the  planet 
i3  near  opposition)  as  seen  from  different  stations,  an 
even  more  satisfactory  estimate  of  the  planet's  distance, 
and  so  of  the  Sun's,  might  be  obtained  by  observing 
how  far  the  diurnal  rotation  of  the  Earth,  by  shifting 
the  place  of  any  fixed  station,  affected  the  apparent 
position  of  the  planet.     It  is  clear  that  if  the  station  e 
(fig.  9^  is  supposed  to  be  carried  by  the  Earth's  rota- 
tion to  e',  the  observer  can  as  effectively  compare  the 
distances  at  which  the  observed  places  of  Mars,  rn  and 
w',  lie  from  a  fixed  star  s,  as  though  there  were  two 
observers,  odc  at  E  and  the  other  at  e^  at  the  same 
instant  of  time ;    for  astronomei's  know  well  how  to 
take  into  due  account  the  motion  of  Mars  during  the 
interval. 

In  1862  this  method  was  employed,  as  Avell  as  the 
former  method  of  treating  observations  of  Mai-s.  The 
result  was  to  confirm  the  impression  that  the  Sun  lies 
nearer  to  us  than  had  been  so  long  imagined.  Stone, 
of  GreenAvich,  by  combining  the  two  methods,  deducing 
the  solar  parallax  first  from  observations  of  Mars  made 
at  Greenwich  alone,  then  from  observations  made  at 
Greenwich  and  Capetown,  then  from  observations 
made  at  Greenwich  and  Williamstown,  and  combining 
all  these  results,  deduced  a  solar  parallax  of  8''*943, 
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with  a  probable  error  of  0"-051.  This  corresponds' 
to  a  distance  of  about  91,400,000  miles, -with  a  probable 
error  of  about  500,000  miles.  AVinnecke,  by  combining 
observations  of  Mars  made  at  Poulkowa  and  Cape- 
town, deduced  a  parallax  of  8"'964,  coiTesponding  to  a 
distance  of  about  91,200,000  miles.  Newcomb,  from- 
the  observations  of  Mars  in  the  same  year,  deduced  a 
parallax  of  8"'855,  corresponding  to  a  distance  of  about 
92,300,000  miles. 

Besides  these,  there  were  estimates  by  Leverrier, 
Stone,  Xewcomb,  Pogson,  and  others,  founded  on  the 
re-examination  of  processes  already  referred  to,  or 
on  observations  enabling  those  processes  to  be  applied 
anew  with  more  or  less  chance  of  exactitude  in  the 
results. 

By  the  year  1864  it  had  become  abundantly  cleat 
that  the  accepted  estimate  of  the  Sun's  distAnce  was 
too  great.  All  the  new  values  clustered  around  a 
value  of  about  8"'9  for  the  parallax,  corresponding 
to  a  distance  of  about  91,850,000  miles. 

Thus  astronomers  were  led  to  re-examine  the  obaer- 
vations  of  the  transit  of  1769  in  order  to  see  whether 
they  could  be  so  interpreted  as  to  correspond  with  the 
result  pointed  to  by  so  many  independent  researches. 
Powalky  subjected  these  observations  to  a  new  dis- 
cussion and  deduced  the  value  8"-832,  corresponding 
much  more  closely  than  Encke's  with  the  recent  de- 
terminations. But  astronomers  were  not  satisfied  with 
his  labours,  because  he  rejected  some  of  the  more  im- 
portant observations  made  in  1769,  without  assigning 
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sufficient  cause,  and  also  because  the  agreement 
between  those  observations  which  he  retained  was  by 
no  means  exhibited  satisfactorily.  As  Admiral  Manners 
said,  when  addressing  the  Astronomical  Society  in  1862, 
*  The  weight  of  Encke's  value  could  scarcely  be  said  to 
be  affected  by  Powalky's  discussion/ 

Xewcomb,  of  America,  was  more  successful.  He 
deduced  the  value  8""87  by  a  method  altogether  more 
satisfactory  than  Powalky's.  But  still  the  agree- 
ment between  the  different  observations  Avas  not  so 
satisfactory  as  could  be  wished ;  nor  hud  Xewcomb 
adopted  any  fixed  rule  for  interpreting  the  observations 
of  internal  contact,  which,  as  I  have  said,  are  affected 
bv  the  peculiar  distortion  of  Venus's  disc  at  that 
nioment. 

It  was  reserved  for  Mr.  Stone,  of  Greenwich,  to  solve 
in  asatisfactory  manner  a  difficulty  which  had  long  per- 
plexed astronomers.     We  have  seen  that  there  are  two 
phases  which  an  observer  of  Venus  in  transit  might  try 
to  catch — the  moment  when  the  connection  between  the 
disc  of  Venus  and  that  of  the  Sun  appears  to  break  at 
inofress  or  form  at  egress,  and  the  moment  when  the 
outline  of  Venus,  if  undisturbed,  Avould  just  touch  the 
outline  of  the  Sun.     Now,  if  we  consider  why  Venus 
is  distorted  so  peculiarly  near  the  time  of  internal  con- 
tact, we  shall  see  which  of  these  phases  corresponds 
most  closely  to  the  real  moment  of  internal  contact. 
The  matter  is  sufficiently  simple.     Omng  to  a  j)ecu- 
liarity  of  vision,  every  bright  object  appears  somewhat 
larger  than  it  really  is,  the  borders  of  the  image  on  the 


retina  affecting  the  neighbouring  part  of  the  retiDa. 
It  follows  obviously  that  every  dark  object  will  appear 
Komenhat  smaller  than  it  really  is,  for  the  background 
on  which  the  dark  object  is  depicted  will  be  relatively 
bright,  and  so  its  image  on  the  retina  will  encroach  on 
that  of  the  dark  object.  Thus,  suppose  the  arc  s  s'v' 
(fig.  17)  to  represent  partof  the  true  outlineof  the  Sun, 
then,  to  the  observer,  the  outline  would  lie  as  shown 
outside  this  circle  ;  but  if  the  circle  s'  v  V  repreaentB 
the  true  outline  of  Venus,  her  apparent  outline  would 
lie  as  shown  inside  this  circle.     It  is  clear,  then,  that 


the  part  of  the  outline  of  Venus  which  lies  upon" 
Sun  seems  to  belong  to  a  smaller  circle  than  the  part 
of  the  outline  lying  outside  the  Sun.  This  is  true 
until  the  actual  moment  when  the  true  outlines  touch, 
when  the  appearance  would  be  that  shown  in  fig.  18, 
the  connecting  ligament  being  the  finest  conceivable 
line ;  and  obviously  (referring  to  ingress),  the  iin- 
distorted  part  of  the  apparent  outline  of  Venus  would 
have  seemed  to  belong  to  a  circle  touching  the  Sun's 
outline  some  seconds  earlier.  Similar  remarks  apply 
to  egress. 

So  that  if  an  obsor\-er  could  note  the  moment  when 


I 


ITS  DISTANCE  AND  DIMENSIONS,  63 

the  discs  of  Venus  and  the  Sun  were  apparently  united 
bj  t  fine  line,  as  in  fig.  18,  he  would  have  ascertained 
the  moment  of  real  contact ;  whereas  if  he  had  noticed 
the  time  when  the  circular  part  of  Yenus's  outline 
would  touch  the  Sun's,  if  continued  undistorted,  he 
would  have  caught  quite  a  distinct  phase,  which  we  may 
call  apparent  contact.  As  a  matter  of  fact,  only  the  finest 
possible  telescope,  and  great  care  and  observing  skill 
on  the  part  of  the  astronomer,  would  render  it  possible 
to  notice  the  moment  when  such  a  ligament  as  is  shown 
in  fig.  18  broke  or  formed.  Usually  a  much  coarser 
ligament  only  would  be  noticed  ;  but  the  observation  of 
the  eudden  breaking  or  formation  of  the  lij^ament 
would  be  regarded  as  an  approximate  observation  of 
real  contact.* 

Xow,  what  Mr.  Stone  did  was  to  infer,  from  the 
account  actually  given  by  the  different  observers, 
whether  real  or  apparent  contact  was  noticed ;  and  he 
introduced  a  definite  correction,  according  to  the  best 
estimate  we  have  of  the  effects  of  irradiation  in  en- 
lai^'ng  the  solar  disc  and  diminishing  that  of  Venus. 

By  adopting  this  definite  rule,  Mr.  Stone  not  only 
deduced  a  solar  parallax  corresponding  closely  with 

*  In  Appendix  A  will  be  found  some  further  remarks  on  this  point, 
in  rehition  to  the  expectations  conne'Cted  with  the  approaching  tnmsits. 
It  ha8  se*"med  to  me  that  the  view  tak«^n  by  Mr.  Stone  of  the  value  of 
thoM*  exp^ictations  is  altogether  t'w  despondent.  It  is  quite  true,  as  he 
points  out,  that  different  observers  will  see  a  ligament  of  different 
breadth — in  other  words,  will  catch  a  different  phase  ;  but  we  need  ni)t 
therefore  fear  that  a  corresponding  error  will  be  introduced.  If  each 
oV»sen'cr  does  but  note  the  apparent  breadth  of  the  ligament,  thf*ro  will 
be  the  means  of  in  large  part  eliminating  this  cause  of  error. 


th&t  obtained  by  the  varinufi  other  methods  described 
above,  but  (which  is  much  more  importamj  he  brought 
the  observatioDs  of  the  traosit  into  most  satisfactoiy 
accordance.  To  quote  the  words  of  Admiral  Manners' 
address  on  pre^entiug  to  Mr.  Stone  the  Gold  Medal  <^< 
the  Eoyal  Astronomical  Society — '  Mr.  Stone's 
vestigaiion  includes  every  complete  observation  froiB 
internal  contacts  of  llie  transit,  and  yet,  notffithstand-^ 
iog  this  circumstance,  all  the  observed  durations 
represented  with  a  degree  of  accuracy  which  is,  bei 
all  doubt,  within  the  limits  of  probable  errors 
vation.  Mr.  Stone  has  effected  this  object  by 
interpretation  of  the  words  of  the  observer, 
from  his  language,  and  from  the  accompanying 
circumstances  of  the  case,  whether  the  phenomenon 
noticed  by  him  referred  to  an  apparent  or  a  real  eon- 
tact.' 

The  result  thus  deduced  assigned  to  the  Sun 
parallax  of  8"-91,  with  a  probable  error  of  ©"-OS, 
correapouding  to  a  distance  of  about  91,730,000  miles, 
with  a  probable  error  of  about  300,000  miles.  lo 
other  words,  the  Sun's  distance,  according  to  this  latest^ 
and  in  many  respects  most  satisfactory  determination^ 
is  found  to  He  between  about  92,030,000  miles  and 
about  91,430,000  miles.  If  we  assume  8"'9  as,  on  th« 
whole,  the  best  value  for  the  parallax,  implying,  as  it 
does,  that  as  yet  we  have  no  knowledge  of  the  next 
decimal  figure,  we  have  for  the  Sun's  mean  distance 
92,000,000   miles ;  *  as   we   ought  not  to  admit  any 

•  Ihe  Terj  t«1u*,  ba  it  nutcd,  wliich  PiefeBsor  Snijth, 
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significant  figures  beyond  the  second.  Doubtless, 
after  the  observations  which  are  to  be  made  on  the 
tnuiiits  of  1874  and  1882,  astronomers  will  be  able  to 
extend  the  value  of  the  parallax  to  a  second  decimal 
fignre,  and  so  have  three  significant  figures  in  the  ex- 
pression for  the  distance.     (See  Appendix  A. ) 

It  remains  to   be  noticed  that  the  corresponding 

%-alue  of  the  Sun's  diameter  is  fairly  represented  by 

850,000  miles,  nor  is  anything  gained  by  expressing 

this  diameter,  as  is  so  commonly  done,  with  significant 

figures  down  to  the  units'  place.     Certainly  if  the  true 

solar  parallax  is  8'''94000,  for  instance,  then  the  exact 

value  of  the  Sun's  diameter  is  852,908  miles.     But 

^hen  we  see  that  the  value  of  the  solar  parallax  can 

only  fairly  be  presented  to  the  first  decimal  place,  or 

as  8"'9,  we  cannot  pretend  to  know  the  Sun's  diameter 

with  greater  exactness.     The  limits  of  error  in  our 

f.*timate  of  the  Sun's  distance  being  probably  four  or 

five  hundred  thousand  miles  at  the  least,  it  must  br 

admitted  that  the  limits  of  error  in  our  estimate  of  the 

Sun  s  diameter  cannot  be  less  than  four  thousand  miles. 

The   surface   of  the    Sun   is  equal   to   four   times 

the  area  of  a  circle  having  this  diameter  of  850,000 

miles,  or  in  round  numbers  to  2,28o,000  millions  of 

miles.     His  volume  is  about  1,250,000  times  that  of 

the  Earth. 

Kovjil  for  Scotland,  considers  to  bo  recorded  in  the  dimen>ional  fcatuns 
oi  the  Great  Pymmid.  See  his  Life  and  ll'vrk  at  th:  drcat  riim/iiifl, 
which  goes  far  to  demonslnite  tliat  a  number  of  tlie  facts  regarded  as 
recent  acquisitions  of  astronomy  were  known  to  the  architcfrs  of  that 
most  remarkable  erection. 

F 


66 


In  drawing  to  a  close  this  chapter  on  the 
didicult  and  important  problem  of  astronomy- 
chapter  which,  long  as  it  is,  has  barely  sufficed  to 
vey  so  much  of  the  history  of  investigation  as 
essential  to  my  purpose — I  would  remark  that  there 
no  branch  of  research  with  which  astronomers  hava 
better  reason  to  feel  satisfied.  I  cannot  consent  to 
speak  of  recent  successes  as  though  they  had  removed 
a  reproach  from  astronomy.  There  is  no  single  part 
of  the  history  of  this  probleui  of  which  astrouomen 
have  not  abundant  reason  to  be  proud.  By  long 
and  patient  labours  they  have  been  able  to  orercoaict 
difHculties  which  might  fairly  have  been  thought 
insupcrahle.  Avaihng  themselves  at  every  step  of 
the  best  means  they  could  secure  for  appn 
ting  more  and  more  closely  to  the  trutli,  they  have 
necessarily  had  during  their  advance  to  pass  froui 
ground  which  they  had  formerly  occupied.  But  every 
such  change  of  ground  has  been  an  advance  towards 
more  complete  success.  Sir  John  Herschel  has  said 
that  the  recent  correction  in  the  value  of  the  Sud'b 
parallax,  corresponds  to  the  appai-ent  breadth  of  a 
human  hair  at  125  feet,  or  of  a  sovereign  at  eight 
miles  off;  '  and  that,  moreover,  t/ie  error  hag  been 
detected  and  the  correction  applied;  and  that  the 
detection  and  correction  have  originated  with  the 
friends  and  not  with  the  enemies  of  science.'  But  I 
would  go  even  farther  than  this,  since  in  place  of 
reganling  the  recent  change  as  involving  the  detection 
and  correction  of  error,  I  would  speak  of  it  rather 
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a  new  approximadon,  more    successful  indeed  than 

fonner  ones,  but  not  therefore  changing  those  former 

soecesses  into    defeats.     The    astronomy  of  half  a 

eentmy  since  had  as  good  reason  to  be  proud  of 

Eocke's  work  as  the  astronomy  of  the  present  day  has 

to  rejoice    at  the    successes  of   Hansen,  Foucault, 

Leverrier,  and  Stone ;  or  as  the  astronomy  of  future 

ages  will  have   to  boast  of  those  labours  by  which 

the  results  now  accepted  will  inevitably  be  improved 

upon. 


Y  2 
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CHAPTER  ir. 

THE    SUN   AS    RULER. 

One  of  the  most  important  of  the  Sun's  functions  h 
that  by  virtue  of  which  he  rules  the  motions  of  hu 
family  of  planets.  By  the  exercise  of  his  mighty  atr- 
tractive  influence  he  continually  controls  the  tendency 
which  they  have  to  rush  taugentially  far  out  into  spacer 
beyond  the  influence  of  his  illuminating,  heating,  and 
actinic  rays.  Their  swift  orbital  motions,  combined 
with  the  relative  stability  of  their  axial  pone,  result  io 
producing  the  orderly  succession  of  the  seasons.  But 
this  succession  would  come  to  an  end,  were  it  notl 
for  the  stability  of  their  orbital  motion ;  and  this 
stability  is  due  to  the  Sun's  overmastering  attraction. 
To  this  it  is  due  that  the  paths  of  the  planets  though 
undergoing  continual  processes  of  variation,  yet  suffer 
no  sudden  changes  as  respects  their  distance  from  him, 
or,  therefore,  as  respects  the  period  necessary  for  a 
complete  revolution.  Nay,  so  perfect  is  the  whole 
scheme  of  governance  that  even  the  processes  of  slow 
change  take  place  within  limits,  and  those  limits  not 
very  wide.  Not  merely  can  the  orbits  oF  the  planets 
suffer  no  sudden  change,  but  they  can  neither  si^tfer  a  , 
great  change  nor  a  permanent  change. 
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We  might  dwell  much  farther  on  the  importance  ot 
the  Sun's  influence  as  the  most  massive  portion  of  the 
scheme  of  which  he  is  the  centre.  On  the  one  hand  we 
might  point  to  the  possibly  even  vital  importance  of 
the  action  which  causes  the  terrestrial  equinoxes  to  cir- 
cuit the  ecliptic  in  their  grand  precessional  year  of 
25,868  solar  years,  or  of  the  slowly-exerted  influence 
which  changes  the  eccentricity  of  the  Earth's  orbit. 
It  is  very  far  from  unlikely  that  but  for  these  influences 
the  Earth  would  long  since  have  been  rendered  unfit, 
through  a  species  of  exhaustion,  for  being  the  abode  of 
living  creatures.  But  as  it  is,  continents  become 
oceans,  and  oceans  continents,  one  hemisphere  inter- 
changes with  another  the  office  of  supplying  the  chief 
proportion  of  land  surface  ;  activity  is  followed  by  rest 
and  rest  by  activity ;  and  so  through  countless  cycles 
this  fflobe  has  been  and  will  continue  to  be  a  fit  abode 
ibr  innumerable  races.  On  the  other  hand,  we  might 
dwell  on  the  influence  which  the  Sun's  mighty  attrac- 
tive influences  exert  in  gathering  in  from  all  sides 
abundant  supplies  of  motive  energy,  to  recruit  it  may 
well  be,  his  seemingly  exhaustless  stores  of  heat  and 
light  and  chemical  activity. 

But  without  dwelling  further  in  this  place  on  themes 
of  which  some  will  find  a  place  in  other  chapters,  while 
others — interesting  and  fascinating  though  they  be — 
must  yet  be  regarded  as  lying  outside  the  range  of  our 
subject,  let  us  proceed  at  once  to  consider  what  the 
Sun's  true  influence  is,  by  virtue  of  that  principle  of 
gravitation  which  causes  every  particle  of  his  mass  to 
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aid  in  attracting  all  bodies  within  the  sphere  of  his 
influence. 

In  one  sense  it  may  be  said  that  the  sphere  of  the 
Sun"3  influente  is  all  space.  According  to  the  present 
conceptions  of  the  power  of  gravitation,  there  is  no  par- 
ticle of  matter  throughout  the  whole  universe  -which 
does  not  feel  the  attractive  influence  of  the  Sun  (as 
indeed  of  every  particle  of  matter).  But  to  all  intents 
and  purposes  the  Sun's  reign  may  be  regarded  as 
limited.  Hie  influence  on  the  stars  is  not  merely 
minute  so  far  as  the  amount  of  motion  it  is  capable  of 
producing  in  any  given  interval  is  concerned,  but  it  is 
to  be  regarded  as  the  influence  of  a  peer  among  peers, 
not  of  a  king  over  his  subjects.  The  results  of  the 
mutual  attractions  of  the  stars  may  be,  and  doubtless 
are,  of  the  utmost  importance,  but  they  do  not  belong 
to  the  history  of  the  Sim  as  a  ruler.  On  everj-  side, 
then,  the  Sun's  rule  ia  limited— for  in  all  directions 
there  are  stare,  and  the  sphere  over  which  each  star 
rules,  is  as  deflnite  as  that  governed  by  the  sun,  eo 
that  in  each  direction  we  come  upon  regions  where  hia 
influence  is  subordinate  to  the  influence  of  some  other 
orb.* 


B  Raid  that  a  body  like  a,  comet  can  pnes  from  iht\, 
Bway  of  one  alar  to  come  peimanentlj  under  tlie  dominioD  of  our  Sim  or 
of  another  Bt«r,  and  vice  vend  ;  tiut  seltiag  BBid?  the  case  of  interfersnM 
with  tnch  a  body  throngh  the  action  of  a  planet,  or  by  nafon  of  atmo- 
■phme  resisljuice  near  the  Sun,  or  Ibe  likE',thi9  can  never  hap[>«D.  Tot 
let  UB  suppose  that  a  cumt^t  is  passing  trora  the  sphere  of  one  stiu'a 
influence  to  thntof  tbeSiin'e.  Then  it  cannot  be  moving  on  a  closed  orbit 
aronnd  Ihe  Sun,  at  this  time,  for  if  ao  it  ib  already  anbject  to  the  t 
ilominioD,  contrary  to  our  eupposition.  It  must  then  be  trOiTelling 
hypprbolicor  parabolic  orbit  around  the  Sun  and  so  must  CTenlunlly  paas 
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But  it  is  desirable  to  know  what  sort  of  influence 
the  Sun  would  exert  even  at  distances  beyond  the 
limits  of  his  direct  control.  Let  us  set  ourselves  to 
form  adequate  conceptions  of  the  Sun's  energy  of 
gravitation. 

The  measure  of  all  gravitation  is  that  force  which 
the  Earth  exerts  as  we  know  to  draw  bodies  to  her 
surface.  We  must  therefore  first  ascertain  what  pro- 
|X)rtion  the  energy  of  the  Sun's  attraction  bears  to  that 
familiar  attraction  exerted  by  the  Earth. 

For  this  purpose  we  may  proceed  either  directly  by 
comparing  the  amount  of  velocity  which  the  Earth's 
attraction  communicates  to  falling  bodies,  with  the 
actual  motion  towards  himself  which  the  Sun  causes 
in  the  case  of  any  planet ;  or  indirectly  by  comparing 
the  motion  of  any  planet  round  the  Sun  with  the  Moon's 
motion  round  the  Earth.  I  select  the  second  method 
as  being  the  simplest.*  I  adopt  also  a  way  of  apply- 
wholly  away  from  his  dominion.  It  follows  that,  setting  aside  the  above- 
mentioned  influences,  a  comet  which  travels  in  an  uficloscd  orbit  round 
one  star  can  never  travel  in  a  closed  orbit  round  any  star,  but  will  con- 
tiau<»  to  flit  from  star  to  star  through  all  time. 

♦  It  is  worthy  of  notice,  however,  that  the  other  metliod,  tliouirh 
pi'ldom  applied,  is  in  effect  quite  as  available  as  the  method  in  which 
reference  is  made  to  the  Moon's  motion.  Thus  we  know  that  in  one 
second  a  body  falls  about  16*1  feet  towards  the  Earth,  acquiring  a  v«lo- 
city  of  twice  this  number  of  feet,  or  32*2  feet  per  second.  Now  the 
pjirth  circuits  the  Sun  at  a  rate  of  about  eighteen  miles  per  second,  and 
supposing  e  t!  (fig.  19)  to  represent  this  distance  on  the  orbit  c  e'  e.  then 
f  L,  obtained  by  drawing  a  perpendicular  from  e  on  the  diameter  e  s  k, 
representa  the  amount  by  which  in  effect  the  Eairth  has  been  drawn  to- 
wards s,  and  a  velocity  of  twice  ^i.  per  second  measures  the  Sun's  gnivity 
at  the  distance  8^.     But  by  Euclid  vi.  8,  cc   is  a  mean  prop<jrtional 

between  cl  and  ce;  in  other  words,  c  l  is  equal  to  ^      ''  ;  and  therefore 

e  E 
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ing  it  by  which  certain  difficulties  of  conception  are 
reniovei]. 

The  Earth  at  a.  distance  from  the  llIooQ  of  about 
238^00  miles  has  power  to  change  the  direction  of  the 
Mood's  motion  through  four  right  angles  in  27'32S 
daya,  the  Moon  moving  in  her  orbit  round  the  Earth 


tbe  San'i  gravity  at  <  U  mnuored  by  >  Tclocily  of 


ptr   < 


Hence  at  a  dislance  equal  lo  tl>e  Eutli'a 
rndiuSidieSiin  (nippos'uigiiIlhi>inu«  collected  it  one  pwnt)  would  rxcft 
a  force  represenled  by  «  Telocity  of  abonl  tjjl'*il^°  '  ^  -  "-JW.OW 

leet  per  ircgnd,  whicli  reduces  1o  9,7S3.1BO  feet  (or  Bbout  I,S5S  aDM ' 
per  Mculid}.     Couipariog  Ihis  vith  Iha  meu-Qit  of  the  fom  of  U««» 


trial  gruTit)*,  or  32-2  feet,  we  set  tbat  the  Sun's  muss  must  be.  aecording  f 

to  thin  rough  piweag,  fully  300,000  Limea  as  grenC  as  the  Eoltll's.     A*  l| 

H  matter  of  fact  it  is  eEUmated  at  316, OUO  limeK  the  Earth's,  a  result  wa  ' 

ehuuld  bare  cloaely  approiimiiled  to  had  vo  taken  the  Euth's  radius  iit  ' 
9,680  instead  of  4,000. 

The  followiog  geneml  theorem  is  often  ueeful.     Take  r  ths  EaiUi'a  ^ 

radius,  B  lier  msis  and  g  lerr^trinl  gravity,  b  the  radius  of  a  OTcnlar  ■ 

orbit  described  by  a  body  of  idub  n,  nboat  a  largrr  body  of  OUss  m  •[ 

with  Telocity  b  (in  feet  per  second).     Then  the  attraction  between  tha  \ 

bodies,  or  the  grarity  of  mi  lowarda  k,  is  reprcaenled  by  the  expremoD  1 


and  the  n 


6 1'quftl  to  E .  — - .    If  in  is  relatively  reiy  h 
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with  a  Telocity   which  we  may  represent   by  ^2*-* 

Now  the  Sun  at  a  distance  from  the  Earth  of  about 

91^00,000  miles  has  power  to  change  the  direction  of 

her  motion  through  four  right  angles  in  365*256  days, 

the  Earth  moving  in  her  orbit  with  a  velocity  which  we 

may  represent  by  ^^^^.     Now  clearly,  since  gravity 

varies  inversely  as  the  square  of  the  distance,  the  Sun 

would  require  (were  other  things  equal)  to  have  an 

attractive  power  greater  than  the  Earth's  in  the  ratio 

CbIS?/  to  produce  the  same  effect  on  her  that  she 

produces  on  the  Moon ;  and  secondly,  since  to  change 

the  direction  of  a  body's  motion  through  any  angle  is  a 

work  which  will  be  done  at  a  rate  proportioned  to  the 

force  which  operates,  it  is  clear  that  the  Sun's  attractive 

I^ower  would  have  (were  other  things  equal)  to  be  less 

than  the  Earth's,  in  the  ratio  ;^^,  to  accomplish  in  one 

^^idereal   year   what   the   Earth   accomplishes   in   one 

iijnodical  month  ;  while  lastly,  since  the  faster  a  body 

moves  the  greater  the  force  necessary  to  deflect  its 

course  through  a  given  angle,  it  is  obvious  that  the 

Sun's  attractive  power  would  have  (were  other  things 

equal)  to  be  greater  than  the  Earth's  in  the  proportion 

of '^l^^  to   ^^ that  is,  in  the  ratio  "^SS^-J^^— to 

(as  in  the  case  of  the  Earth  compared  with  the  Sun),  and  the  radius 
of  the  larger  m^i»s  is  p,  then  gravity  at  the  surface  of  the  larger  mass  is 

t^'jual  to  — .-. 

♦  We  need  not  trouble  ourselves  to  determine  the  velocity  in  miles 
per  second,  or  minute,  or  hour ;  because  relative  and  not  absolute 
velocities  are  in  question.  Hence  "we  can  represent  the  Moon's  velocity 
by  the  radius  of  her  orbit  divided  by  the  period,  provided  we  represent 
the  Earth's  velocity  in  like  manner. 


r 
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produce  a  given  change  on  the  (luictcly  mo^'ing  Earth  ia 
the  same  time  that  the  Earth  produces  such  a  change 
on  the  less  swiftly  moving  Moon.  Now  we  have  only 
to  combine  these  three  proportions,  which  take  into 
account  everj'  circumstance  in  which  the  Sun's  action 
on  the  Earth  differs  from  the  Earth's  action  on  the 
Moon,  in  order  to  deduce  the  relation  between  the 
Sun'e  real  attractive  energy,  and  tlie  Earth's  (at  eqtial' 
distances  from  the  centre  of  either).  This  gives  the 
proportion  '^^j^  x  i^™^,  which  reduces  to  314,798,111 
which  proportion  the  Sun's  mass  exceeds  the  Earth's. 
We  may  take  315,000  (the  value  given  in  tables  <^ 
the  elements)  as  representing  in  round  numbers  the 
true  proportion,  which  as  it  deiienda  on  the  Son's 
iliatance,  cannot  be  determined  so  accurately  that  the 
last  three  figures  of  the  number  can  be  regarded  as^ 
significant.  i 

At  equal  distances,  then,  the  Sun  exerts  315,00Q 
times  as  much  force  on  any  body  as  the  Earth.     So 
that  if  the  Earth's  mass  were  as  great  as  the  Sun  s,  her, 
dimensions  remaining  unchanged,  a  mass  which  now 
weighs  one  pound,  would  weigh  more  than  14^  tons. 
A  man  now  of  average  weight  would  be  crushed  down 
by  a  weight  of  more  than  20,000  tons.     A  body,  if  I 
raised  but  a  single  inch  and  let  fall,  would  strike  the  ' 
ground  with  a  velocity  three  times  as  great  aa  that  of  - 
the  swiftest  express  train. 

But  now  that  we  have  thus  ascertained  the  propor-  . 
tion  which  the  Sun's  attractive  energy  bears  to  that ' 
exerted  by  the  Earth,  and  so  are  able  to  measure  the  ' 
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Son's  might  as  ruler  over  his  system  by  direct  com- 
ptfison  with  the  familiar  force  of  terrestrial  gravity,  we 
unut  endeavour  to  form  an  estimate  of  the  extent  of 
force  exerted  by  the  Sun  at  different  distances.  We 
ire  to  inquire  what  are  the  limits  of  the  Sun's  effective 
reign,  not  as  regards  distance  alone,  but  as  regards 
tbo  the  activity  of  matter, — that  is,  the  velocity  with 
which  it  is  travelling. 

We  may  begin  with  the  Earth.     We  know  that  the 
Earth  is  completely  subject  to  the  Sun's  attraction. 
Notwithstanding  the  inconceivable  velocity  with  which 
she  moves,  and  therefore  the  inconceivable  energy  of 
the  tendency  she  has  to  travel  onwards  in  a  right  line 
and  80  to  free  herself  from  the  Sun's  control,  she  is 
compelled  to  travel  in  a  nearly  circular  course  around 
him.    At  one  time  her  velocity  has  reached  its  maxi- 
mum and  she  has  power  for  awhile  to  increase  her 
distance  from  the  Sun.    But  she  has  derived  that  very 
power  from  him.     Anon  her  speed  is  reduced  to  its 
minimum,  and   then  she  is  compelled  slowly  to  ap- 
proach the  ruling  centre.     But  throughout  her  course 
there  is  one  constant  relation  from  which  there  is  no 
escape.    The  Earth's  velocity  and  distance  are  the  two 
quantities  which  measure  the  extent  of  the  Earth's 
partial  freedom.     When  one  is  reduced,  the  other  is 
increased,  and  vice  versa,  in  such  sort  that  there  is 
absolutely  no   change  in  her  condition   regarded  as 
depending  on  these  two  combined  relations.     The  one 
law  from  which  there  is  no  escape,  let  distance  and 
velocity  change  as  they  may  during  the  Earth's  circuit 


around  tbe  Sun,  is  that  her  pericxl  of  revolutioD  con-' 
tinues  imchaiigcable, — and  therefore  her  mean  diatance  | 


We  may  then  take  the  Earth's  mean  distance  as 
measuring  her  freedom  from  complete  solar  control — >  , 
complete  control  being  understood  to  be  such  an  over- 
whelming  influence  on  the  Earth  as  would  force  her  to 
fall  directly  upon  the  Sun,  And  while  the  Earth's 
mean  distance  thus  measures  her  partial  freedom,  the 
shortness  ofthe  period  in  which  she  completes  her  circuit 
measures  the  amount  of  the  Sun's  power  over  her.  Her 
mass  may  be  regarded  as  having  nothing  to  do  with 
either  relation.  Increase  of  mass,  so  far  as  it  would  be 
effective  at  all,  would  tend  to  increase  the  strength  of 
the  bund  uniting  the  Earth  and  the  Sun,  and  to 
diminish  the  period  of  the  Earth's  circuit.  But  re- 
ruenihering  that  the  Earth's  mass  is  a  very  minute 
fraction  of  the  Sun's,  it  may  be  disregarded  wholly. 
A  body  no  larger  and  heavier  than  a  peppercorn,  it 
projected  with  the  same  velocity  and  on  the  same 
course  as  the  Earth  would  continue  to  travel  in 
precisely  the  same  path  and  period  around  the  Sun. 

We  have  next  a  law  for  our  guidance  which  is  of 
a  very  remarkable  character,  and  the  recognition  of 
which  will  he  found  to  throw  a  most  important  light 

"  Or  WB  maj  B»y  in  prpference  that  ihe  one  law  from  whjeli  thew  is 
no  eacap«  is  the  lav  connecting  tlia  Earth's  vclucitj  v  at  any  tims,  with 
her  distance  a  from  tbe  Sua  at  that  time,  and  a  certain  fix«d  quantity  x 
which  is  hrr  maun  dislance.  This  lair  is  thus  expressed  niathematietUy: 
t'— /I  { )  .  where  fi  is  the  aecelrrating  forte  of  the  Sun  at  the  unit 
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on  all  the  relations  of  the  planetary  Bcheme.  It  is  this  : 
Given  the  distance  of  a  body  from  the  Sun,  and  the 
velocity  with  which  the  body  is  travelling,  then — let 
the  coune  of  the  body  be  what  it  may  (so  long  only  as 
it  does  not  bring  the  body  into  actual  contact  with  the 
Son),  the  period  of  the  body's  revolution  is  assigned. 

The  Earth's  greatest  velocity  and  her  least  corre- 
qKmd  therefore — as  truly  as  her  mean  velocity — with 
her  period;  and  farther,  we  need  not  trouble  ourselves 
about  the  direction  of  her  motion  at  any  time,  for  if  this 
direction  were  altered  by  the  action  of  some  external 
force,  while  yet  her  velocity  remained  unchanged,  she 
would  continue  to  travel  in  the  same  periodic  time 
around  the  Sun,  and  at  the  same  mean  distance. 

So  that  if  we  take  the  Earth's  greatest  velocity  when 

she  is  in  perihelion  (18'5  miles  per  second),  we  have  the 

velocity  which  is  necessary  in  order  that  a  body  about 

yO,000,000  miles  from  the  Sun  may  travel  once  in  a 

year,  or  at  a  mean  distance  of  91,500,000  miles,  round 

the  sun  ;  and  if  we  take  her  least  velocity  (17 '9  miles 

per  second)  when   she   is   in  aphelion,  we   have  the 

velocity  which  is  necessary  in  order  that  a  body  about 

93,000,000  miles  from  the   Sun  may  travel  once  in  a 

year  round  the  Sun  ;  while  the  Earth's  mean  velocity 

(18*2  miles  per  second)   at  her  mean  distauce  is  the 

velocity  necessary  in  order  that  a  body  at  that  distance 

may  have  a  period  of  one  year. 

We  will  now  take  only  the  mean  distance  and  the 
mean  velocity.  We  see  that  at  a  distance  of  91 ,500,000 
miles   a   body  requires  a  velocity  of  18*2  miles   per 


;»  TUE  sum  I 

Miconil  if  it  u  to  have  a  mean  disuoce  of  the  sami 
smount.  So  that  clearlj  if  it  were  projected  squari 
to  a  Hoc  from  the  Sua  it  would  never  chaoge  its  di 
Uitne  ;  for  it  would  have  exactly  the  nght  velocity 
KXtu;\\y  the  right  direeiion  for  travelling  in  a  circle  1 
arouDfl  the  Hun.  The  Earth  when  at  this  distance, 
though  travelling  with  the  right  velocity  for  the 
n!<|uircd  mean  di§t«nce,  is  not  travelling  square  to  a 
linn  from  the  Sun,  and  ho  does  not  travel  in  a  circle 
nmimd  him.  Hut  we  have  learned  from  her  motioa 
what  ia  the  just  rate  at  which  a  body  should  be  pro- 
Jflctod  no  BH  to  travel  in  a  circle  round  the  Sun  at 
adUtJUico  of  i)  1,-500,000  miles. 

New  how  niueli  must  this  velocity  be  increased  is. 
iipl«r  to  uuablo  a  body  at  this  distance  of  91,500,000' 
luilna  to  paMH  wholly  from  the  control  of  the  sun?  If 
vn\  i>uu  detonniuc  this  wo  shall  have  determined  the 
liluitiiof  iho  .Sun's  influence  at  this  particular  distance. 
1  )viir  hmlien  moving  with  a  velocity  below  that  limiting 
vitliKiily  \\»  ia  oomplctely  master;  let  them  travel 
uitWHnli  MM  thoy  may,  increasing  their  distance  from 
hiui  luoiv  and  more,  tht?re  is  yet  a  limit  to  this  increase. 
'rilPli'  al«oIulo  veWlty  will  become  less  and  less;  it 
vrill  Uwmuo  at  last  such,  that  if  their  direction  of 
litnlloii  wclY  Imt  ohangwl  th^-y  would  thenceforth  con- 
UltttH  hi  itiU(<ribo  a  vircle  around  the  Sun ;  still  it  will 
9  «K  ^hftillhV"fli  ttMU  *t  Wngth  they  reach  their  ex- 
«r  whidi  they  will  be 
I  all  itw  enters  of  dtataiKe  they 
.  mtA  fiaallr  return  to  the  plac« 
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thej  started  from^  to  pursue  the  same  round  for  ever. 
But  if  their  velocitj  do  but  equal  or  exceed  the  limit 
we  «e  dialing  with,  they  will  travel  oowards-with 
eVer-diminishing  velocity,  it  is  true,  but  still — with 
erer-increasing  distance, /or  ever. 

It  might  be  supposed  that  a  very  great  increase  of 
velocity  would  be  required  in  order  that  the  Earth 
dionld  be  thus  (unfortunately  for  her  inhabitants)  re- 
leased from  the  Sun's  service  and  sent  to  wander  freely 
throagh  space.  But  in  reality  it  would  not  even  be 
necessary  that  her  velocity  should  be  doubled ;  an  in- 
crease by  one  half  would  be  more  than  sufficient  to  free 
the  Earth  for  ever  from  enforced  periodic  revolution 
around  the  centre  of  our  planetary  scheme.  The  exact 
proportion  of  increase  necessary  to  effect  this  is  repre- 
sented by  the  proportion  in  which  the  diagonal  of  a 
!?quare  exceeds  the  side,*  which  we  know  to  be  repre- 

*  The  following  simplo  formuU  conveniently  expresses  the  relation 
^tweeo  the  mean  distances  a  and  a'  of  bodies  which  at  a  distance  r  from 
the  Sun  are  travelling  with  the  velocities  v  and  t^  respectively : 

a!  (2a-r)  :  a  (2a' -r)::  v'  :  v''. 

Now  supposing  the  velocity  v  to  be  such  that  a  circle  would  bo 
described  about  the  centre  of  motion,  if  the  body  travelled  square  to  the 
line  from  that  centre,  then  obviously  a  is  equal  to  r ;  so  that  the  above 

relation  becomes 

a'  :  2a'-r::t;«  :  i^«; 
and  therefore 

a'  :  r::!;«  :  2i;»-u'*. 

Now  clearly  if  we  increase  t/ until  i/*  is  equal  to  2i;^,  we  make  the  fourth 
term  gradually  diminish  until  it  vanishes ;  so  that  the  third  at  lubt 
bears  an  infinitely  great  proportion  to  the  fourth.  But  in  this  case 
the  first  will  bear  an  infinitely  great  proportion  to  the  second ;  in  other 
words,  tf'  will  be  infinitely  great.  Hence  the  period  of  the  body  will 
have  become  also  infinite  (by  Kepler^s  third  law) :  or  in  other  words  the 
body  will  never  return  to  its  starting-place.    Therefore,  it  follows  that 
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^enteil  nuoicrioaUr  br  the  pK^MTtum  ID  which  1-114 
(pretty  nearlv^  exceeds  1000. 

So  that  if  the  Earth  when  st  her  mean  distance  had 
her  velocity  suddenly   incressed  from   1$'2  miles  pee 
E«cond.  10  25-7   miles  or  thereabouts,  we  should 
carried  thenceforth  continually  farther  and  farther  away: 

if  r  Iw  t^  TplontT  -riih  vhich  •  Inij  «1I1  dmcribe  ■  riide  U  ■ 
^iW«iMT  r  6md  tbc  Sun.  the  gnaUat  poMiiU*  nkcilj  «)ikh  ■  bo^ 
tma  han  at  a  diMante  r  fram  the  Son,  «>  u  to  tnrd  on  >  cloaed  stMl 
■RKud  hJB  ii  r«^;  and  if  a  bod;  >■  otiaand  u>  tnrri  wiik  anf, 
grtatfT  T^idlT  Bl  anch  a  distaaee  va  ka«r  with  emaiatv.  thai  Ifett 
bod;  ha*  (alcnd  tlia  domain  itf  tfaa  Soa,  vidi  a  Trlonl;  impanad  U 
it  It'  nUB-nlar  inflnnim. 

If  ia  the  abort  [ovfoMian  <^  is  freator  tinn  3H. ««  see  that  4 
c  nln*.  Thia  bmbss  that  Uw  Rnm  of  thr  ptit 
i'bj  ibe  hodf  liM  in  the  doMtioa  coBlni;  to  that  in 
the  9bb  Ilea.  And  knorii^  that  the  path  bbh  needs  bt  a  moie  a 
vith  (he  San  in  a  foeni,  it  foUova  that  tha  path  at  the  body  ai 
hjpaMie,  thf  8aa  Ijing  al  dut  fDCw  wUcb  it  next  to  die  b 
tiaTMwd  bj  the  bod j- 

Of  eoraae  ia  thia  caae  as  ia  the  fonma  the  bodr  will  oervr  r 
Bat  there  n  a  notnronhT  dictiaction  between  Ibe  two  caats.  When  Um 
aais  of  the  mtFit  is  infinite,  the  bodi  deembe*  a  paralnla.  and  if  b 
B— Id  be  tiaced  limn  the  Sun  as  it  approached  &cai  an  iadrfinitelj  gnat 
■t  point  and  then  pasHd  avaj  again  lo  an  ialMi 
B  which  it  teemnl  to  paae  awa;  woald  be  p 
dart;  the  aaiM  as  thai  from  vhicb  il  rt^atd  ii 
itat  pointa  woald  lie  diiectlj  oppocite  the  point  of  oeareat  B[ 
(Thia  il  obrioDs.  becaasc  if  lines  be  dian  btan  the  Ibena  «t  !!■ 
p«i«bola  to  two  piiati  of  the  enrre  eqoall;  and  e 
from  Uie  TeHei,  thetr  line*  irill  radnee  an  indf6nilelT  amall  aaf^  > 
and  will  at^roa^  indefiDitelT  near  to  eoinddcnee  with  the  axie.)  On 
the  other  hand,  a  bodT  aiiptiiarliitig  and  then  fanang  awa;  «■  a  Im* 
twlkorbti  will  w«m  to  Ma»  fnun  one  point  of  the  hmnaa  aad  W  pM 
awaj  to  a  diflerenl  point,  the  biMCtioaor  [he  celntiBlaie  hitww  dMi 
pointa  Ijing  dinictl;  opposite  Ihe  pinnt  at  whieb  tha  bodj'  makaa  il 
nltal  approach;  and  for  a  gireii  duliuiee  of  this  nearett  poBLthau 
M^antiag  the  two  IbimcT  will  be  the  greater  aa  the  reloci^  of  Ihe  hod| 
when  at  ita  neanat  ■■  grmer ;  be^oBung  equal  lo  two  H^tu^eawhof 
ibii  nioatj  m  taAntd/  gnat. 
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I     fifoo  the  fight  and  life  of  the  planetary  scheme.  From 
I     ihn  and  Jupiter^  and  perchance  from  Saturn,  Uranus, 
I    tnd  Xeptune,  the  unhappy  career  of  the  Earth  might 
I    be  traced  for  many  a  long  year  (though  years — at  least 
I    terrestrial  ones — ^would  then  be  no  more).     But  long 
I    before  the  Earth  crossed  the  confines  of  those  distant 
I    regions  along  which  the  outer  planets  pursue  their 
I    eireer,  all  the  higher  forms  of  life  would  have  vanished 
[    fitm  her  surface.     She  would  still  rotate ;  day  and 
n^ht  would  still  succeed  each  other  on  her  surface ; 
but  the  orderly  sequence  of  the  seasons  would  be  re- 
placed by  the  continual  diminution  of  solar  light  and 
heat,  until  a  cold  more  intense  than  that  of  the  bitterest 
Arctic  winter  would  bind  the  world  in  everlasting  frost. 
A  aimilar  fate  would  befall  us  if  the  Sun's  mass 
were  suddenly  reduced  in  the  proportion  of  about  1,000 
to  1,414  ;  the  only  difierence  being  that  in  this  case  we 
i^hould  have  companions  in  our  troubles,  for  Mars  and 
VeDus  and  Mercury  would  all  forthwith  start  on  para- 
bolic paths,  carrying  them  away  to  infinite  distances 
from  the  Sun.     Nor  would  the  larger  planets  escape. 
From  their  distant  orbits  they  would   rush   off  into 
outer  space,  carrying  their  systems  of  satellites  with 
them ;  so  that  if  I  have  been  right  in  regarding  these 
orbs  as  acting  the  part  of  secondary  suns  to  their  satel- 
lites, the  latter  would  be  less  unfortunate  in  their  fate 
than  the  four  minor  planets,  for  these  would  have  no 
sun  at  all,  while  the  former  would  still  enjoy  such  heat 
and  light  as  their  ruling  centres  could  supply  to  them. 
It  is  not  without  a  purpose  that  I  have  thus  dwelt 
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on  the  general  reanlt  of  a  sudden  diminution  of  thai 
Sod'b  mass.     The  consideration  tbat  all  the  planetv 
nrould  thus  at  once  be  freed  from  their  allegiance  if  the 
Sun's  mass  were  reduced,  leads  us  to  the  consideration 
that  each  planet's  velocity  need  but  be  increased  in 
the  proportion  of  about  1,414  to  1,000,  to  lead  to  a 
similar  result.     And  thus  we  see  tbat  the  Sun's  in- 
luence  at  the  distances  of  the  successive  planets  i« 
imited  to  the  control  of  bodies  moving  with  a  velocity 
)earing  such  a  relation  to  the  velocity  of  the  respective 
ilanetfi.     So  that  we  have  only  to  draw  up  a  table  of 
he  distances  and  mean  velocities  of  the  planets,  and 
to  increase  the  latter  quantities  in  the  proportion  of 
about  1,414  to  1,000,  in  order  to  havea  representation 
of  the  gradual  diminution  of  the  Sun's  influence  at 
greater  and  greater  distances.   The  table  runs  thus : — 

PUBrt 

"-"^sr-" 

pMBBond 

Mercwy.    . 
Venn.     .     . 
ThsEwUi. 
Man.    .    . 

Th«  Aitcmidi) 
Jupiter  .    . 
Swum    .    . 
Urtums  .    . 

Keptnno 

35.392,000 
86,I8*.0«0 

fl  1.430.000 
139,311,000 
260,000.000 
4:S.692.OO0 
872,187.000 
1.738,869,000 
2,7*5,968,000 

29-3 
21-4 
18-3 
14-7 
11-0 
8-0 
6-9 
42 

41-4 

308 

!6-« 

20«        ' 

lS-6 

11-3 

8S 

8-9 

4-7 

We  see  from  this  table  that  if  the  three  outermost 
planets  could  only  have  imparted  to  them  the  velodty 
jf  the  minor  planets,  they  would  be  freed  from  their 
llegiance  to  the  Sun,  and  pass  away  on  hyperbolio 
rbita.     But  with  the  exception  of  Uranus  there  is  no 
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planet  which  would  be  thus  freed  (absolutely)  if  it  had 
imputed  to  it  the  velocity  of  the  next  inner  one.* 

Bat  the  above  table  has  only  been  presented  by 
wftj  of  introducing  a  more  general  law.  What  the 
table  teaches  us  respecting  special  distances  we  can 
detennine  for  all  distances  from  the  Sun,  by  a  simple 
application  of  Kepler's  third  law  and  its  results. 

Thns,  suppose  we  wish  to  determine  the  maximum 
velocity  which  the  Sun  can  control  at  a  distance  half 
that  of  the  planet  Mercury.     Then  the  law  that  the 

*  It  k  a  niher  singular  circumstance  that  the  maximum  Telocity 
vUdi  the  Sun  can  control  at  the  distance  of  any  one  of  the  four  outer 
pluetg  should  correspond  so  closely  as  it  does  with  the  actual  Telocity 
of  the  planet  whose  orbit  lies  next  within.    We  see  that  if  Neptune 
ceoM  haiTe  the  Telocity  of  Uranus,  he  would  be  almost  wholly  freed 
from  his  allegiance  ;  Uranus  would  be  just  freed  if  he  had  the  velocity 
of  Saturn ;  Saturn  would  be  almost  wholly  freed  if  he  had  the  velocity 
of  Jopit^'r;  while  Jupiter  would  be  almost  wholly  freed  if  he  had  the 
v^tj  of  those  asteroids  which  travel  at  a  mean  distance.     And  there 
'^  t  tendency,  though  less  marked,  to  the  same  relation  among  the 
KOaining  planets.     Remembering  that  the  velocity  a  planet  would 
nqnire  for  freedom  is  that  with  which  a  body  approaching  on  a  para- 
ge orbit  from  an  infinite  distance  would  pass  the  mean  distance  of 
tliat  planet,  we  have  throughout  the  solar  system  a  tendency  (very 
nariced  among  the  outer  members)  to  this  remarkable  relation,  that  the 
Telocity  with  which  a  body  approaching  from  infinity  would  cross  the 
orbit  of  any  planet  should  be  the  same  as  the  actual  velocity  of  the 
wjX  inner  planet.    It  need  hardly  be  said  perhaps  that  this  relation 
directly  results  in  the  law  to  which  Bode's  law  approximates  for  the 
ooter  planets.    Thus,  if  the  outermost  planet  had  a  distance  d  and  a 
velocity  t,  the  next  minor  planet  would  have  a  velocity  v  ^/2  corre- 
sponding to  a  mean  distance    ,  and  so  on.    But  in  the  law  of  the 

duplication  of  the  distances  outwards  there  is  no  direct  physical  signifi- 
cance, whereas  it  is  possible  to  conceive  that  the  law  as  presented  above 
— that  is,  regarded  as  associated  with  the  velocities — may  be  associated 
also  with  the  processes  by  which  the  solar  system  has  reached  its  pre- 
sent condition. 

o  2 
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oabes  of  the  distances  are  as  the  squares  of  the  periodio 
times  shows  us  that  the  period  of  a  planet  at  such  n 
dktazK*e  would  be  to  Mercury^s  as  1  to  the  squarr;  root 
of  >     :r  twice  the  square  root  of  2).      jince,  theo, 
^e  aotu^  circuit  of  such  a  planet  would  be  half  that  of, 
Xltircury.  its  velocity  would  exceed  Mercury's  in  the; 
pcvjportioQ  which  the  square  root  of  2  bears  to  1,*  orj 
abcu?  I«4l4  to  KOOO.     This  would  correspond  to  t- 
\eivxri:y  of  41*4  miles  per  second;  and  the  greatest 
\«kvitv  the  Sun  could  control  at  this  distance  would  btt  j 
obcalried  by  increasing  this  velocity  of  41*4  miles  per 
sevvaJ  in  the  prv»pordon  of  1.414  to  1,000.     It  wouH 
jh^rvron?  be  5i*'6.     This  shows  how  we  can  measure 
die  Sur.V  conrroIlinvT  enersrr  for  anv  distance.    But  h 
iko  ^*<:*bM>hcs  a  very  important  general  relation.    It 
jkpp^ar^  tha:  when  we  halve  the  distance,  we  havCi  in 
v*c\ier  to  cerermine  the  velocity  which  the  Sun  gib  ' 
vXKXtrvi,  ro  iaorease  the  velocity  at  the  greater  distance ' 
::i  :he  ;^  ix  r:ion  of  about  K414  to  1,000.     And  there- 
tv'K'  >«rh^'r.  we  nike  one-fourth  of  the  distance,  we  must 
:::v'rv*se  :he  velvvity   hcice   in  this  proportion.    But 
thi^  amounts  to  doubling  the  velocity,  since  this  pro- 
jvv^kvx   :*  :ha:  of  the   square   root   of  2   to  unitj.  ^ 
Utf».v   we  have  this  general  rule,  that  the  velodtj  ^ 
«h:ch  the  Sun  can  ov^n:n>l  is  doubled  when  the  distance   • 

♦  ?♦..*     /.:<•-*:;?*  r>^  r-.-fT^  1a V  :hA:  if  two  planets  have  meu  i^. 
,-.  *^jk3>.v>  /  A^.;  ^'  ri*i>:vc;Tilv,  i:ii  —  ca=.  wlcvides  r  and  t  mpectiTdj*  ? 

0^;  Mk:*^  :^i;^  5s  sk\  K^i.-v  :if  ^ri^iic  Tis»  m  as  tf'  to  tfl,  and  tho 
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is  ledaced  to  one-fourth,  and  we  can  see  at  once  how 
'enonnously  the  velocity  must  increase  in  the  Sun^s 
immediate  neighbourhood.* 

Thus,  at  a  distance  of  898484OOO  miles  (one-fourth 
that  of  Mercury),  the  velocity  the  Sun  can  control,  so 
as  to  compel  a  body  to  move  in  a  closed  orbit  around 
liim,  is  82'8  miles  per  second ;  at  a  distance  of  2,2 12,000 
miles  it  is  165*6  miles  per  second;  at  a  distance  of 
553,000  miles  it  is  331*2  miles  per  second.  But  this 
brings  us  very  close  to  the  Sun's  surface — since  it  is 
from  his  centre  all  our  distances  are  measured — and  his 
ndios  is  about  426,450  miles.  The  actual  velocity  at 
his  surface — that  is,  the  velocity  which  he  could  just 
control  so  as  to  compel  a  body  to  travel  in  a  closed 
orbit  just  touching  his  surface — is  easily  obtained  from 
the  formula  given  in  the  preceding  uote.  It  is  no  le»s 
than  378*9  miles  per  second ;  and  this  is  the  least  velo- 
city with  which  a  body  must  be  projected  from  the  Sun 
in  order  that  it  may  never  return  to  his  globe  again. 

'  It  need  hardly  be  said  that  this  result  might  have  been  obtained 
direptlj  from  a  consideration  of  the  law  according  to  which  gravity 
diminishes  with  distance.  But  apart  from  the  fact  that  the  mere  dry 
reasoning  by  which  the  result  would  have  been  established  would  have 
had  little  interest  to  the  general  reader,  the  particular  path  which  I 
have  selected  to  follow  has  the  advantage  of  introducing  a  number  of 
independent  relations,  and  of  showing  how  the  various  matters  dealt 
with  bear  upon  each  o*^^'"r  and  upon  the  general  subject  of  the  chapter. 

The  general  law  connecting  distance  with  the  velocity  which  the  Sun 
can  control  is  as  follows : — Let  d  represent  the  Earth's  mean  distance ; 
r  her  velocity  at  that  distance  in  miles  per  second ;  d  any  other  dis- 
tance. Then  the  velocity  which  the  Sun  can  control  (so  as  to  compel  a 
body  to  travel  in  a  closed  orbit  round  him)  at  a  distance  d  is 
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Thus  the  Sun,  wliich  at  the  distance  of  Neptune 
contri>l  a  velocity  of  but  4"7  miles  per  second,  can* 
control  close  by  his  own  surface  a  velocity  eighty  tioiea 
as  great.  At  a  dietance  four  times  as  great  as  Neptune's, 
a  velocity  of  2*4  miles  per  second  would  suffice  to 
enable  a  body  to  pass  away  to  an  infinite  distance  from 
the  Sun.  But  even  this  velocity  is  enormous  and  almost 
inconceivable.  If  we  seek  to  know  in  what  regions 
the  Sun  could  barely  control  velocities  such  as  we  are 
familiar  with  (by  which  I  mean  such  velocities  as  the 
eye  can  appreciate,  not  velocities— as  of  camion  balls 
or  the  like— which  we  speak  of  without  appreciating) 
we  shall  find  that  such  regions  lie  at  enormous  dis- 
tances. A  body  moving  at  the  rate  of  our  swiftest 
express  trains  (say  60  miles  per  hour)  would  be 
compelled  to  travel  in  a  closed  orbit  around  the 
Sun  unless  its  distance  from  him  were  no  less  thaa 
22O,5O7,£0O,000,0tX)  miles,  a  distance  some  ten  or 
twelve  times  exceeding  that  of  the  star  Alpha  Cen- 
tfturi.* 

y^'a  have  seen  that  the  Sun  can  control  tlie  motions 
of  a  binly  travclliiig  with  a  velocity  of  less  than  378*9 
luilos  per  second  close  by  his  surface  iu  such  sort  as  to 
compel  that  botly  to  travel  in  a  closed  orbit  around  him. 


*  At  Imlf  Iliii  itUtiinr*  »  )iUd*(  tnttlting  in  »  eude  round  the  Sm 
Id  fcaw  a  wlotllj  niuitl  to  tliat  at  m  express  tnun  ;  but  if  aoch  t 
*  |iluir  nf  ihc  frliptic  it  woald  be  uiuble  \a  eom- 
<i  ihr  diMurtiiog  iofliiFiiceB  of 
1,  irMch.  bnnft  at  oulr  oiK-fiflh  of 

N  ]<utf  (i(  it(  ciivulir  orbit  dun  tL* 
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ilways  coming  close  by  him  at  each  return.  That  is 
the  maximum  velocity  a  body  can  have  under  such 
dicumstances.  It  is  also  the  greatest  velocity  a  body 
can  acquire  in  approaching  the  Sun^  under  his  attrac- 
tion alone,  from  an  infinite  distance  and  starting  from 
rest  Now,  the  least  velocity  a  body  can  have  so  as  to 
travel  close  by  the  JSun  is  clearly  that  which  would 
allow  the  body  to  travel  in  a  complete  circle  around  the 
Son  and  close  to  his  surface.  We  obtain  this  by  simply 
reducing  378-9  in  the  proportion  of  1,000  to  1,414 ;  the 
required  velocity  is  therefore  268*0  miles  per  second.* 
Such  are  the  limits  between  which  the  velocities  of  all 
l>odies  travelling  around  the  Sun  so  as  just  to  graze  his 
surface  must  necessarily  lief     Nor  can  any  mass  reach 

*  It  may  perhaps  be  neceflflary  to  point  out  that  in  a  statement  of 
tWs  sort,  268*0  is  not  strictly  the  same  as  268.  The  former  implies 
^  the  Telocity  lies  between  268-05  and  267*96  ;  the  latter  would  imply 
that  the  Telocitics  lie  between  268*5  and  267*5. 

t  It  may  be  interesting  to  inquire  how  far  from  the  Sun   a  body 
Would  reach  if  projected  vertically  with  a  velocity  which  would  just 
''Dable  a  body  projected  horizontally  to  complete  the  circuit  of  the  Sun. 
The  problem   is   exceedingly  easy.    Such   a  body  would  more  as  if 
tiarelling  on  an  orbit  having  a  mean  distance  equal  to  the  solar  radius. 
Conceiving  the  Sun's  mass  all  collected  at  his  centre,  the  body  would, 
after  passing  to  its  greatest  distance,  return  to  the  centre,  round  which 
it  would  circle  with  (for  a  moment)  an  infinite  velocity,  and  so  return 
to  its  aphelion.     The  aphelion  distance,  therefore,  from  the  centre  must 
be  equal  to  the  Sun's  diameter,  and  the  greatest  distance  attained  from 
the  Sun's  real  surface  must  be  equal  to  the  solar  radius,  or  more  than 
425,000  miles.     The  rotation  is  not  here  considered.     It  would  not, 
however,  affect  the  distance  attained  by  the  body,  though  it  would 
affect  the  real  path  by  which  that  distance  would  be  attained.    We  can 
in  like  manner  determine  the  distance  to  which  a  body  projected  with 
any  other  velocity  would  reach.    For  we  can  determine  by  means  of 
the  formula  in  the  note  at  page  84  what  the  mean  distance  correspond- 
ing to  this  velocity  at  such  a  distance  from  the  Sun  would  be»  and  so  (as 


him  from  \vithout,  whether  gathered  directly  < 
space  by  hia  attraction,  or  reaching  him  after  pass 
tlirough  any  number  of  forma  of  orbital  motion  i 
the  perturbing  influences  of  the  planets,  with  a  v 
exceeding  378'9  miles  per  second,  unless  such  a  i 
had  already  had  motion  communicated  to  it  before  t 
Sun  began  to  act  upon  it.  In  like  marmer,  no  hodn 
can  reach  any  given  distance  from  the  Sun  with  m 
velocity  greater  than  that  deduced  according  to  th« 
above-discusaed  considerations,  as  the  hmiting  veloat^ 
the  Sun  can  control,  unless  that  body  had  started  odu 


berorc)  ire  enn  determine  Uie  greitmt  height  attnined  hy  the 
Bnt  ihero  is  it  simple  aod  conTenient  forruuls  for  Ibis  purpose,  thuB  :■>> 
Let  V  be  the  velwitj  of  projection,  g  the  accelerating  force  of  grariq 
at  the  Son's  Burfoce,  b  the  Hun'a  radius,  and  a  the  height  MUUBed  h) 
the  body ;  then 

T'  =  l!yH  ~ — 

If  the  raadrr  prefsr  a  formula  in  wliich  the  qunnli^^  doee  u 
diroclly  appear — ea  as  to  avoid  the  neci-SBitj  of  conBidcring  the  value 
tMTeslriiil  gravity  (from  which  j  is  deduced)  measured  with  rsfmn 
to  feet  and  si-conds  — wi?  can  easily  get  a  convenient  foraiala.    "nini,  «^ 


and  therefore  from  what  has  just  been  shown  it  folloirB  that 
(268-0  )"  =  2irH_5_ 

(a  mile  being  suppoaod  to  be  the  unit  of  length  in  the  value  of  ^  and  ■ 
second  the  unit  of  time).     Therefore,  dividing,  we  have 


(vfTj  coDTenient  for  Ending  v  when  h  ie  given) ;  and  nncs  2(288  oyl 
is  equ»l  to  U3,648,  we  have,  for  Bnding  a  when  t  is  given 
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tto  journey  towards  the  Sun  with  a  yelocity  communi- 
cated beforehand,  and  by  the  influence  of  other  attract- 
ing orbs.  So  that  if  it  has  been  demonstrated,  as  many 
\kdieve,  that  some  of  the  meteors  which  reach  our 
ilmoBphere  travel  through  it  with  a  velocity  greater 
dum  25'9  miles  per  second,  superadded  to  the  velocity 
with  which  the  Earth  meets  them  (which,  according  to 
the  direction  of  impact,  may  have  any  value  up  to  18*5 
nules  per  second),  then  that  body  comes  to  us  with  an 
interaidereal  velocity,  so  to  speak,  in  addition  to  such 
Tdodty  as  the  Sun  has  communicated.  For  example, 
if  a  meteor  penetrate  our  atmosphere  with  a  velocity 
of  50  miles  per  second,  coming  full  tilt  against  the 
Earth  when  she  is  near  perihelion,  then  5'%  miles  per 
^^nd  at  least  of  that  velocity  was  communicated  to 
the  meteor  by  other  orbs  than  our  Sun. 

It  will  naturally  occur  to  the  reader  to  inquire  at 

Ais  point  what  is  the   least   velocity  with  which  a 

ineteor  can  travel  when  at  the  Earth's  distance  from  the 

Sun.    For  clearly  if  meteors  moving  ^vith  velocities 

exceeding    the    greatest  which    the  Sun's    attractive 

energies  can  give,  afford  information  of  an  extra-solar 

force  to  which  such  meteors  have  been  subjected,  so 

also  meteors  moving  more  slowly   than   any   which 

could  circle  around  the  Sun  would  have  to  be  regarded 

as  indicating  the  action  of  some  other  force  than  solar 

attraction.     Now,  if  we  suppose  a  body  travelling  in 

the  Earth's  orbit,  and  as  fast  as  the  Earth,  to  have  its 

velocity  increased^  we  have  seen  that  its  orbit  must 

needs  have  its  greater  axis  increased,  and  will  become 


TM£  suy. 

parabolic  if  the  increase  of  velocity  be  great  I 
In  fact,  an  increase  of  velocity  makes  the  point  w 
ttie  increase  takes  place  the  perihelion  of  the  new  o 
And  obviously  a  decrease  of  velocity  will  make  the  p 
where  the  decrease  takes  place  the  aphelion  of 
new  orbit  Thus,  sup^iosc  the  body  is  at  E  (fig.  20) 
travelling  along  the  Earth's  orbit  E  e'  about  the 
at  8,  when  it  suddenly  receives  an  impulse  ouvt 
then  its  new  orbit  will  have  such  a  shape  as  e  «,  e  b< 
the  perihelion.  But  if  the  body  is  checked  whe 
E,  the  new  orbit  will  be  of  such  a  figure  as  e  e", 


k 


apheUon  being  at  K.  And  the  question  we  hav 
determine  is,  how  great  the  reduction  of  velocity 
be  in  order  that  the  revolution  of  the  body  in  an  t 
may  not  be  prevented.  Clearly  there  ia  no  limi 
the  reduction  except  that  resulting  from  the  siz 
the  Sun.  If  the  body  can  but  pass  clear  round 
Sun's  globe,  it  will  return  to  the  point  E,  and  (neg 
ing  perturbations  or  resistance  as  it  passes  thr( 
the  Sun's  atmosphere)  it  will  continue  to  circle  in 
way  for  ever.  We  have  to  determine  what  veil 
at  e  is  necessary  for  this  purpose  ;  and  obviously. 
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body  moving  more  slowlj  at  £  would  not  pasb  clear  of 
the  Sun  at  s,  so  also^  tracing  its  path  back,  it  could  not 
i  have  arrived  along  a  course  clear  of  the  Sun's  globe ; 
[  ndthe  only  interpretation  of  its  motions  would  be 
I  ttflf  U  had  been  projected  angularly  from  the  Suh*s  sur- 
I  face  with  sufficient  velocity  to  reach  the  Earth.  It  is  not 
I  fifficult  to  calculate  the  least  velocity  with  which  a 
I  body  could  travel  when  at  the  Earth's  distance  on  an 
I    orbit  just  grazing  the  Sun's  surface.*     This  velocity  is 

I        *  Then  an  many  ways  of  attacking  the  problem.  The  best,  perhaps, 
[      fi>r  oar  present  purpose  is  the  following : — 

It  is  obfions  that  if  a  body  be  prqjeeted  tangentially  to  the  Sun's 

Mff&ee  with  such  relocity  as  to  jnst  reach  the  £arth's  orbit  when  at  its 

S^'stMt  distance  from  the  San,  it  would  continue  to  revoWo  in  such  an 

orbit  aa  we  are  inquiring  into.    Now,  in  order  to  determine  the  velocity 

of  projection  requisite  for  such  a  result,  we  may  apply  the  formula  in 

tbe  preceding  note,  remembering  that  if  a  body  projected  vertically 

upwards  from  the  Sun  would  reach  to  a  height  h,  a  body  projected 

horizontally  with  the  same  velocity  would  travel  in  an  orbit  having  a 

mean  distance  equal  to  ^  (h  1-  b)  where  b  is  the  Sun's  radius ;  so  that 

we  require  our  body  to  be  projected  tangentially  with  such  velocity  as 

would  be  required  to  project  a  body  vertically  to  a  height  equal  to  the 

£(irth's  mean  distance  d  (say)  from  the  Sun's  centre^  since  the  required 

orbit  is  to  have  a  mean  distance  equal  to  ^  (d  -i-  b).    Hence,  by  the 

formula  fur  y  in  the  preceding  note  wo  have 

v.-2(2680)^;»g»j;(app«.xun.tely); 

whence  we  find  the  required  velocity  of  tangential  projection  equal  to 

359  miles  per  second ;  and  we  note  in  passing  that  such  a  velocity  as 

this  would  be  required  to  project  a  body  from  the  cSun  to  the  Earth's 

distance.     Now,  this  is  the  perihelion  velocity  of  our  projectile,  when  at 

a  distance  of  425,000  miles  from  the  Sun*s  centre.    In  aphelion,  its 

distance  is  91,500,000  miles  (approximately) ;  hence  from  Kepler's  first 

law  its  velocity  there  will  be 

«-^   425,000       .,  J 

859 — "^^  miles  per  second, 

91,500,000  ^ 

or  about  1*85  miles  per  second,  which  is  almost  exactly  one-tenth  of 
the  Earth's  velocity  in  her  orbit,  but  considerably  exceeds  the  Moon's, 


'^Tss  srjv. 

about  one-tenth  of  that  with  which  the  Earth  moves  ii 
her  orbit,  or  1  -So  miles  per  second ;  and  no  body  cai 
possibly  reach  the  Earth  with  a  smaller  real  velocitj^ 
than  this,  unless  actually  projected  from  the  Sun. 
smaller  relative  velocity  might  very  well  be  obaerreA' 
however.  For  example,  a  meteor  travelling  ver^ 
little  faster  than  the  Earth  might  overtake  her,  and 
seem  to  enter  her  atmosphere  very  slowly.  And  ob- 
servations seeming  to  indicate  that  the  real  velocity  o^ 
a  meteor  was  less  than  1  '85  miles  per  second,  would 
need  to  be  very  strongly  confirmed  before  they  would, 
be  accepted  by  astronomers ;  since  to  reach  the  Barth 
a  body  must  be  projected  from  the  Sun  icith  a  velocity  of 
about  360.  miles  per  second. 

Here,  having  already  passed  the  limits  I  had  pro- 
posed to  myself  in  dealing  with  the  subject  of  this 
chapter,  I  draw  it  somewhat  regretfully  to  a  close.  It 
would  have  been  easy  to  extend  the  chapter  so  as  lo 
have  occupied  a  volume  twice  the  size  of  the  present, 
and  yet  to  have  discussed  no  well-worn  facts.  The 
whole  subject  of  the  Sun's  rule  over  the  space  surround- 

This  volocilj  would,  however,  be  BOmewhot  increaard  liy  the  Earth'i 
attnwtion.  It  ia  to  be  noticwl,  that  the  Moon's  Telocity  is  her  orbit 
beiog  abont  Jtbs  of  a  mittf  per  second,  tho  greatest  velocitj'  the  Eartll 
can  coatTol  at  the  Moon's  diHtsiKw  ia  but  about  ^Ihn  of  a  mile  per 
awond  1  ao  that  do  body  moTiog  to  the  Earth's  neighbourhood  under  At 
iaHmace  ot  tha  Sun's  attraction  can  by  any  possibility  be  compelled  by 
the  Earth  lo  travel  in  an  orbit  around  her  nnlBsB  it  comes  much  Doanrr 
than  the  Moon.  The  maximum  Telocity  which  the  Earth  can  coatrol 
clore  by  her  snrrsco  is,  however,  about  seven  miles  per  second ;  >o  that 
bodi<fl  having  th*  aphelion  of  thwr  orbit  nearly  at  the  Barlh'a  diatance 
and  the  perihelion  dose  to  the  Sun's  surface,  could,  if  they  happeoed 
le  close  by  the  Earth,  he  compelled  to  dreuit  in  an  orbit  mmdliCT. 
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Infa  lias  Temained  in  a  sense  almost  untoucKed,  until 
\y    itB    significance    began   to   be    recognised    by 
lyer,  Thomson,  "VVaterston,  and  others.    Even  these, 
wever,  have  dealt  rather  with  the  limits  of  activity 
ine&sed  by  bodies  close  to  the  Sun'a  surface  than 
ilh  the    velocities  which   measure   his  inflnence   at 
Teftter  distances.     For  my  own  part,  I  find  a  wonder- 
ful interest  in  the  ideas  suggested  by  the  Sun'a  activity 
dmmghout  the  whole  range  of  hie  wide  domain.     The 
telocities  to  which  I  have  referred  in  this  chapter  as 
ihiffie  whit;h  the  Sun  can  control  are  also  those  which  he 
ean  generate.     We  have  to  think  of  him,  therefore,  aa 
i|  c^ohle  of  drawing  towards  hiniaeif  all  such  cosmical 
j  vaSUa  as  comes  under  his  exclusive  attraction  either 
bf  leaving  the  domain  of  some  other  star,  or  on  account 
*f  hi»  own   motion   through   space.     In  so  drawing 
ttnnical  materials  towanls  himself,  he  imparts  to  them 
nlraties   such  as  we  have   been  considering   in  the 
peeeat  chapter.     The  vaster  the  distances  from  which 
tkey  come,   the  greater  the  velocities  he  imparts  to 
lien).     As  they  sweep  onward  in  their  course  they 
•reeubjcct  to  the  influences  of  the  planets — the  patrols 
of  the  solar  syatem^and  under  such  disturbing  in- 
duences  large  numbers  must  be  compelled  to  follow 
ether  temporarily  or  permanently  true  orbits  (that  is, 
ekved  curves)  anmnd  the  Sun.     But  the  majority  of 
lacli  visitants,  whether  comets  or  meteors,  must  return 
la  the  sidereal  depths  after  once  paying  their  respects 
— in  the  full  rush  of  their  perihelion  swoop — to  the 
glint  ntler  of  our  system.     It  seems  probable  that  in 


*>.>  *:'xr^zr:jL  rs«&  .i  sorrer.  thk  condnnal  interchange 
ri  vrTj-.Tjijkz.^  :c  »C2»  tai  <iar«,  we  may  recognise  the 
yr'^zr^A*  r:  p7f>!e^M«  exercising  a  most  important  in* 
fluence  on  the  welfare   of  planetary  systems.     It  is 
i»rill  more  prooable  that  the  bodies  which  are  finally 
tlnkVirn  into  the  solar  domain  perform  highly  important 
function!!  in  the  ecrmomy  of  our  own  particular  plane- 
tary t>cheme.  But  unless  I  mistake,  the  real  significance 
uf  the  considerations  we  have  dealt  with  in  the  present 
rliaptcr  lies  in  their  bearing  on  the  past  history  of  the 
Molar  syHt^^m.     The  rush  of  matter  which  we  now  re- 
co^riiHC  affords  i)erhaps  but  the  faintest  indication  of 
tii(;  iiinnzing  conflicts  in  which  our  system  had  its  birth. 
Tnicin;^  l)fi(*k  the  history  of  that  system,  we   seem  to 
roco^iiint*  a  time  when  the  Sun's  supremacy  was  stiU 
iiUMmipIoto,  when  the  planets  struggled  with  him  for  the 
rontinuiilly  inrushing  materials  from  which   his  sub- 
Ntaiiro  118  well  as  theirs  was  to  be  recruited.      We  can 
MV  him  by  tho  mighty  energy  of  his  attraction  clearing 
ii  ^x  i*lo  sj>{u*o  ai>Mind  hini  of  all  save  such  relatively  tinv 
orK^  ii>  Vomis  and  the  Earth,  Mars.  Mercury,  and  the 
H*toj>*uis.      With  more  distant  planets  the  struo-ffle  was 
lox*  ;au*x|iul.    Tho  ma:^;^es  which  dowed  in  towanls  the 
sVJ^v.v  o!*  tho   sK-homo  swept  with  comparatively  slow 
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leoods  at  once  of  the  Sun's  might  as  a  ruler — for  with- 
ont  his  overruling  attraction  the  material  which  formed 
fl»8e  planets  would  never  have  approached  the  system 
-Huid  of  the  richness  of  the  chaos  of  matter  from  which 
Us  balk  and  theirs  were  alike  evolved.  Nor  is  the  con- 
oderation  without  a  mysterious  attraction  that  in  thus 
looking  hack  at  the  past  history  of  our  system  we  have 
pused  after  all  but  a  step  towards  that  primal  state 
vfaence  the  conflict  of  matter  arose.  We  are  looking 
into  a  vast  abysm^  and  as  we  look  we  fancy  we  recog- 
luse  strange  movements^  and  signs  as  if  the  depths  were 
iluqnng  themselves  into  definite  forms.  But  in  truth 
tluMe  movements  show  only  the  vastness  of  the  abysm, 
those  depths  speak  to  us  of  far  mightier  depths  within 
which  they  are  taking  shape.  *  Lo !  these  are  but  a 
portion  of  His  ways ;  they  utter  but  a  whisper  of  His 
glory; 
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The  researches  of  telescopists  have  revealed  many  iiii- 
jvortant  facts  respeoting  the  Sun's  constitution.  Studied 
tliouglitfully,  these  researches  enable  us  to  answM 
many  questions  which  at  first  sight  seem  to  require 
more  powerful  modes  of  inquiry.  But,  undoubtedly, 
the  science  of  solar  physics  is  too  vast  and  too  difficult 
to  be  satisfactorily  treated  by  telescopic  research  alone. 
The  condition  of  the  Sun  is  so  different  from  that  of 
any  bodies  we  can  experiment  on,  that  his  mere  aspect 
— and  the  telescope  can  show  na  nothing  more — is  in- 
sufficient to  tell  us  what  his  constitution  may  be.  The 
picture  of  the  Sun  presented  by  the  most  powerful 
telescope  resembles  a  book,  full  of  meaning  indeed,  but 
written  in  an  unknown  language.  The  spectroscope  is 
the  means  by  which  that  unknown  language  has  been 
in  part  interpreted. 

Let  us  consider  what  spectroscopic  analysis  really 
ia.  It  is  scarcely  possible  to  treat  of  any  astronomical 
subject  in  the  present  day  without  describing  the  most 
powerful  of  all  instruments  of  astronomical  research; 
but  in   the  case  of  the  Sun  it  would  be  hopeless  to 
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tttempt  such  a  course.  SpectroBcopic  analysis  forms 
the  very  basis  of  all  our  ideas  respecting  solar  physics. 
We  must  thoroughly  understand  the  mode  in  which  it 
teaches,  the  meaning  of  its  teachings  and  the  extent  to 
which  its  teaching  may  be  relied  on,  otherwise  our 
Tiews  will  be  vague  and  unsatisfactory,  depending 
rather  on  the  statements  of  others  than  on  any  clear 
apprehension  of  their  truth  on  our  own  part. 

For  this  reason  I  shall  spare  no  pains  to  make  the 
explanation  of  spectroscopic  analysis  which  follows  as 
simple,  and,  at  the  same  time,  as  complete  as  possible. 
There  is,  in  reality,  nothing  diflBcult  in  the  subject ; 
but  it  cannot  be  denied  that,  considering  its  simplicity, 
it  is  not  nearly  so  well  or  so  widely  understood  as  it 
might  be, — a  circumstance  the  more  to  be  regretted 
because  the  whole  history  of  recent  scientific  re- 
searches is  a  sealed  book  to  those  who  do  not  clearly 
recognise  the  nature  of  the  instrument  by  which  those 
researches  have  been  effected. 

Newton  was  the  first  who  showed  that  white  light  is 
a  compound  of  light  of  many  different  colours.*  He 
proved  this  by  his  investigation  of  an  experiment  of 
Grimaldi's — illustrated  in  fig.  21.  Here  a  b  represents 
the  course  of  a  pencil  of  solar  lightf  passing  through 

*  Grimaldi  was,  however,  the  first  who  discovered  the  effect  of 
passing  son-hght  through  a  prism.  (See  his  Pkyaico-mathesis  de  lumine, 
prop.  xxz.  et  seq.) 

t  I  have  purposely  modified  Newton's  figure,  because  many  mis- 
understand a  figure  in  which  the  pencil  ▲  b  is  shown  with  its  prop^^r 
divergency.  They  confuse  the  dispersing  effect  of  the  prism  with  the 
optical  eflfects  produced  on  a  diverging  pencil  of  pure  light  It  need 
hardly  be  said  that  it  would  be  quite  as  great  a  mistake  to  neglect  the 
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a  circular  aperture  in  a  screen  s  s'.  The  prism  r  is  80< 
placed  as  to  intercept  the  light,  ll  will  be  well  ta 
congider  the  priKm  as  placed  with  the  base  E  F  upper* 
most  and  horizontal.* 

Now.  if  the  prism  were  removed,  the  light  woold  f 
at  i  and  make  a  small  elliptical  image  there.     And 
the  solar  light  were  simple  instead  of  being  compose^ 
of  ravsof  nianv  different  colours,  it  would  follow  such 
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But  instead  of  this^  Newton  founds  as  Grimaldi  had 
foand  before  him,  that  a  streak  of  light  was  formed  as 
V  s  (v  K  is  exaggerated  in  length),  the  streak  being 
Tiolet  at  the  highest  point  and  thence  changing  through 
indigo,  blue,  green,  yellow,  and  orange,  to  red  at  the 
lowest    point.      Neither    above  nor  below  was    the 
streak   well  defined,  but  passed  gradually  into  dark- 
ness.     At  the  sides,   however,  the  streak  was   well 
defined,  and  in  breadth  equal  to  the  horizontal  breadth 
of  the  figure  at  i.     It  thus  formed  a  rainbow- tinted 
or  ribbon. 
tfe;ia|ipear8  fix)m  this  experiment  that  light  consists 
of  all  the  colours  of  the  rainbow,  that  the  violet 
the  most  bent  by  the  action  of  a  prism,  the 
redlnjs  least,  the  others  in  the  order  named  above. 
TUb  h^>pens  with  prisms  of  all  refracting  angles  and 
<if  whatever  substance.     Hence  the  rays  forming  the 
violet  part  of  the  spectrum  are  often  called — without 
further  description — the  most  refrangible  rays,  while 
the  red  rays  are  called  in  the  same  way  the  least  re- 
frangible rays.     This  mode  of  speaking,  and  the  ex- 
pressions rising  out  of  it,  should  be  carefully  noted. 

Now,  the  streak  of  light  seen  by  Newton  showed  no 
breach  of  continuity.  Newton  appears  to  have  sus- 
pected the  possibility  that  by  a  change  in  the  con- 
ditions of  his  experiment  the  streak  would  show  gaps. 
In  other  words,  he  suspected  that  light  of  all  degrees  of 

•single  image  fell  at  y  or  r  this  would  not  be  the  case.  It  Deed  lianlly 
l^e  remarked  that  for  pure  liglit  the  course  of  the  beam  would  depend 
on  the  refractiog  angle  o  of  the  prism. 

k2 


refrangibility,  between  the  light  which  forms  the  ex- 
treme Tiolet  and  the  extreme  red  of  the  streak,  may  not] 
be  present  in  the  solar  beam.  But  he  did  not  succeed  in 
proving  this,  though  he  employed  apertures  of  different 
shape  nhereby  to  admit  the  light.  It  is  clear  that  iT 
there  were  simple  violet  light,  and  simple  indigo  lights 
and  so  on  in  the  solar  beam,  a  succession  of  smalL 
ioloured  images  would  be  ibrmed  as  shown  in  the  figure 
at  V,  I,  &c.,  and  between  these  images  dark  spaces- 
would  be  seen.  Xewton's  experiments  led  him  to  the 
conclusion  that  an  infinite  number  of  images,  shifciiig 
by  indefinite  gradations  from  v  to  R,  exist  along  the 
streak,  and  so  cause  the  colour  to  vary  insensibly  from 
violet  to  red  as  observed  in  his  first  experiment. 

Wollaston  was  the  first  who  succeeded  iu  showing 
that  there  are  gaps  in  the  spectral  streak. 

It  is  clear  that  the  circular  aperture  in  the  above 
experiment  is  not  suitable  for  determining  whether 
rays  of  all  degrees  of  refrangibility  are  included  in  a 
beam  of  solar  light.  In  fig,  21  an  image  of  the  aper- 
ture is  represented  at  v,  another  at  i,  another  at  B, 
and  ao  on  ;  though  of  course  the  spectrum  in  Newton's 
experiment  showed  no  such  separate  images.  Now,  it 
is  perfectly  obvious  that  if  instead  of  the  seven  images 
represented  in  the  figure  there  were  twenty  or  thirty 
along  the  spectrum  v  r,  tliere  would  be  no  means  of 
knowing  that  the  spectrum  was  made  up  of  these 
twenty  or  thirty  distinct  images,  for  they  would  over- 
lap, and  so  show  a  continuous  streak  of  light.  Wollas-. 
ton  found  that  when,  instead  of  a  circular,  triangular. 
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ng  aperture,  a  very  narrow  slit  la  employed, 

f  certain  degrees  of  refrangibility  is  absent  from 

■  beam.      He   admitted  the   light   through   a 

slit   (parallel   to   tbc  refracting  angle  of  the 

With  this   arrangcmcDt   the   spectrum   seen 

dlaeton  was  not  continuous,  but  crossed  by  two 

I  parallel  to  the  slit — or,  in  other  words,  at 

ingles  to  the  length  of  the  spectrum. 

These  two  lines — two  gups  in  the  solar  spectrum — - 

dlliat  light  of  two  definite  orders  of  refrangibility 

tnt  from    the  eolar  beam.     Fig.  'iii  shows  bow 


pit,  after  passing  through  the  prism,  had  become 
I  liitided  into  three  parts,  with  spaces  between  them  along 
[I  light  travelled.  It  is  quite  obvious  tliat  the 
I  exiiltnce  «f  these  gaps  can  be  recognised  without  allow- 
ing » spectrum  to  be  formed  on  a  screen,  as  in  Newton's 
I  Ci^n'ment, — simply  by  placing  the  eye  as  shown  in 
[  %  23.  It  was  in  this  way  that  Wollastou  observed  the 
I  tvu  gaps.  It  may  be  remarked  in  pa^ssing  that  this 
ie  of  viewing  the  spectrum  hears  the  same  relation 
I '  lit  K«wton's  plan  that  observation  of  the  Sun  with  the 
[  Jttfced  eye  bears  to  observation  of  the  .Sun's  image 
I  necK'ed  upon  a  s 

Dr.  Wollaaton  did  not  pursue  the  in  iiiiry  further. 
Xor  need  we  greatly  wonder  at  this,  if  we  rightly  con- 
iift  tbe  molter.     We  now  know,  indeed,  that  in  the 


two  dark  spaces  on  the  Bpectrum  of  Wollafiton 
the  germ  of  the  most  wonderful  (Uacoveries  man  ) 
yet  made.  We  know  that  had  lie  persisted  in  1 
inquiry  hia  name  would  have  heen  associated  throd 

I  time,  as  that  of  Fraiinhofer  will  uDdoubt«dly  ] 
with  the  very  language  of  the  new  analysis.  But 
must  be  admitted  that  Wollaston  had  little  real 
for  expecting  any  very  remarkable  results  from  i 
study  of  a  peculiai'ity  which  seemed  quite  as  likely 
depend  on  the  nature  of  the  glass  of  which  the  pri 
was  made  as  upou  any  inherent  property  of  solar  lig 
And  oven  supiwsing  that  the  gaps  were  due  to  eoj 
peenliarity  of  solar  light,  who  could  suspect  that  d 
peculiai-ity,  when  traced  to  its  source,  would  be  so  I 
of  meaning  as  to  reveal  to  us  the  very  constitutiofS 
the  solar  orb  ? 

It  is  to  the  unwearying  patience  «-ith  which  Fi 
hofcr — like  so  many  others  of  his  countrymen — i 
wtlUug  to  work  day  after  day  at  what  seemed  a  iH 
unpnimising  ^uhje^t,  that  the  world  owes  the  i 
complete  reciigniiion  of  the  characteristic  peculiaiil 
nf  the  st^lar  spectrain.  AVoUaston  had  obseirved  ' 
fi)wclnmt  dinvlly.  with  the  unaided  eye.  Fmunbt 
twpT\nv)  on  this  pUn  by  anploTiiig  a  lelestx^ie.' 


J 


■Mr  Kif  wwwm  tb* 
l*A»^t<ltil)M.    Wimw  ika 

lai|i«f  M  titeiw  wahM  «r  I 


i»  juaa  uy  rutftojiug  a  lewsoope.      i. 

W  iW  «JI  tkw  Mdn  of  Twrnag  IW  3n  ^  I 

<  wtkr  i9*«tnn.    A  prit— tie  ifuiu—  h^ 
•>l  *  luMavw  dtJMt  fcciii  Iff  njB  vf  ttm 


AXALi'StXa  SUy LIGHT. 

Dr.  WoIIaston  had  seen   but  two  gaps  in  the  solar  " 
ipwtram;   Fraunhofer,  in  1614,  saw  and  mapped  na 
liwlhan  576  lines.     The  positions  of  the  chief  lines 
(fen  by  Fraiiiihofer  are  indicated  in  fig.  2.3,  and  i 
irference  is  continually  made  to  the  lettered  lines,  i 

1  that  the  student  should  carefully  study  theirl 
buence  and  position. 
I  is  a  well-marked  line  close  to  the  limits  of  visi-- 
■  at  the  red  end  of  the  spectrum,     B  is  a  well- 
i  red  line  of  sensible  breadth."     Between  A  and 
1  of  several  lines  called  n.     c  is  a  dark  and 


rcll-niarked  line.  Between  B  and  c  Fraiinhofwl 
nine  fine  lines ;  between  c  and  d  about  thirty. 
tDsists  of  two  strong  lines  close  together.  BetweeaJ 
I  B  Fraiinhofer  counted  eighty-four  lines.  B  ill 
f  several  lines,  the  middle  line  of  the  set  being;! 
■  than  the  rest.     At  h  are  three  strong  lines,  { 


M  ^i^runi. — limt,  in  othPT  Totdii.  dark  lines  olv  sepn,     Tlie  ole^,] 
rNogniLiun  of  tLia  fnct  will  preFenl  much  miaapprehetiBiiiii. 

'  It  will  be  underatood  tUat  I  am  here  dewribiiig  tho  lines  i 
bf  Fniinbufcr,  uhI  na  Lhcy  would  itppear  with  siixiilar  ap«cIro«copis  ^ 
[wwrr  to  tliBl  employni  by  him.  With  gri'Btcr  powar  oianj  single  line* 
u*  raulvrd  inio  sevHral,  aarl  mx'ay  uew  line*  niak«  thrir  appearance. 
For  cxaiaple.  d  ii  deccribed  above  as  consisting  of  two  ttrotig  1in«B 
with  an  eitremely  smiili  inln-vnl.  With  *  powerful  apeclroKope 
nonennu  linea  nre  seen  beiwcpn  these  two  stTong  Haee. 
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the  two  farthest  from  E  being  close  together.  Betw'i 
E  and  h  Fraiinhofer  counted  twenty-four  lines,  and 
between  b  and  ¥  more  than  fifty,  f,  g,  and  H  are 
strong  linrs.  Between  F  and  G,  and  between  G  and 
II,  Fraiinhofer  counted  185  and  190  lines  reapectiTely  ; 
and  he  found  many  lines  also  between  H  and  i — the 
violet  end  of  the  ppectmm. 

Fig.  23  shows  the  colours  of  those  parts  of  the 
spectrum  in  which  the  several  lines  occur.  The  reader 
will  do  well  to  bear  in  mind  the  jwsition  of  the  several 
lines,  as  thus,  by  an  easily  remembered  relation,  he 
will  find  himself  enabled  to  interpret  readily  the' 
accounts  of  spectroscopic  researches,  whether  into 
astronomical  or  chemical  subjects  of  inquiry.  Let  bim 
remember,  then,  that  a,  b,  and  c  are  in  the  red  portion 
of  the  spectrum ;  D  in  the  orange-yellow ;  E  in  the 
yellowish-green ;  f  in  the  greenish-blue ;  Q  in  the 
indigo ;  and  ii  in  the  violet. 

Fraiitdiofer's  contributions  to  the  science  of  spectro- 
scopic analysis  did  not  conclude,  however,  with  the 
recognition  and  mapping  of  these  lines.  Ha^-ing  first 
convinced  himself  that  the  same  lines  were  seen  in  the 
solar  spectrum,  of  whatever  substance  the  prism  was 
formed,  he  proceeded  to  study  the  spectra  formed  by 
light  from  other  sources. 

He  first  examined  solar  light  received  indirectly  by 
reflection  or  otherwise — as  from  the  clouds,  the  sky, 
the  Moon  or  planets,  and  su  on  ;  and  he  found  in  the 
spectrum  of  such  light  the  same  lines  which  he 
had  seen  in  the  spectrum  of  direct  solar  light.     He 
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Studied  the  spectrum  of  the  Sun  when  that  orb  is  near 
the  horizon,  jind  he  found  that  under  such  circumstances 
the  Tiolet  end  of  the  spectrum  disappears  and  a  number 
of  lines  make  their  appearance  in  the  remainder  of  the 
spectrum. 

Fraiinhofer  found  that  the  spectra  of  the  fixed  stars 
exhibit  dark  lines  resembling  those  in  the  Sun ;  but 
none  of  the  stars  whose  light  he  examined  had  a  spec- 
trum exactly  the  same  as  the  Sun's.  Some  lines  of  the 
solar  spectrum  he  found  wanting  in  star  spectra^  while 
other  lines  were  not  seen  with  the  same  relative  dis- 
tinctness as  in  the  spectrum  of  the  Sun.  On  the  other 
handj  he  found  several  new  lines  in  star  spectra. 
No  two  stars  appeared  to  have  the  same  spectrum. 

An  important  conclusion  followed^  as  Fraiinhofer 
pointed  out,  from  this  observation.  If  the  dark  lines  in 
the  solar  spectrum  were  caused  by  an  absorptive  action 
exercised  by  our  own  atmosphere,  it  would  follow  that 
the  same  lines  ought  to  be  seen  in  the  spectra  of  the 
fixed  stars.  The  contrary  being  the  case,  Fraiinhofer 
held  it  to  be  a  demonstrated  fact  that  the  dark  lines 
are  due  to  some  property  inherent  in  the  light  itself 
which  the  Sun  and  the  fixed  stars  severally  emit. 

One  more  observation  of  Fraiinhofer's,  and  I  pass  on 
to  later  researches.  He  found  that  when  the  flame  of  a 
candle  or  lamp  is  the  source  of  light,  the  spectrum  is  not 
crossed  by  dark  lines,  but  a  bright  double  line  is  seen 
in  the  exact  place  occupied  by  the  double  dark  line 
I)  of  the  solar  spectrum.  To  prevent  misconception,  it 
is  necessary,  however,  to  mention  that  light  from  an 
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in  candescent  substance — andtheflame  of  acandle  is8D< 
light — ^exhibita  a  continuous  spectrum.  The  double 
bright  line  seen  by  Fraiinhofer  waa  due  to  the  presence 
of  the  almost  ubiquitous  element,  sodium,  in  the  flame, 
as  will  be  explained  further  on. 

If  we  carefully  weigh  the  results  obtained  by  Fraun- 
hofer,  it  will  appear  that  Bpectroacopic  analysis  owes 
very  much  to  his  researches.  It  may  be  questioned, 
indeed,  whether,  but  for  his  patience  and  persever- 
ance, the  attention  of  scientific  men  might  not  have 
been  turned  away,  at  lenst  for  many  years,  from  a 
subject  of  inquiry  which  seemed  when  he  began  his 
labours  to  be  rather  curious  than  important. 

Let  us  next  inquire  into  the  spectra  given  by  differ- 
ent terrestrial  sources  of  light. 

Au  incandescent  solid  or  fluid — or,  to  speak  more 
correctly,"  a  solid  or  fluid  ffhwing  with  intensity  of 
heat — gives  a  continuous  spectrum.  But  the  nature  of 
the  spectrum  varies  with  the  heat  of  the  source.  If  a 
piece  of  metal,  for  inatmice,  be  gradually  heated  till  it 
is  at  a  white  heat,  only  the  red  part  of  the  spectrum 
will  at  first  be  visible ;  then  the  orange  part  will  show. 


•  The  term  inoandsscent  i«  not  properly  upplimble  to  any  «ouk« 
of  light  which  IB  not  aclnBlIj  white.  Many  gpectroscopists  indeed  go 
fitrtlier,  nnd  wy  that  no  luminona  body  ought  la  be  ilesi^ribed  aa  idcad- 
deicant  unless  its  apectrtim  extends  without  diirk  lines  at  gaps  of  any 
nnrt  from  the  extreme  limit  of  Tisibility  at  the  red  end  lo  the  extrema 
limit  of  Tisibilily  lit  thp  violet  end  of  the  aol»r  speclnim.  Withont 
insisting  on  this  Hmitatinn,  it  certsinly  dors  seem  well  to  point  out  ih&t 
the  Iprm  ineandesoenC  is  not  prupcrlv  upplicable  to  solidi  or  fluids 
glowing  with  light  belonging  to  the  red  end  of  the  spectrum,  nor  to 
vapours  glowing  with  light  of  a  well-marked  colour. 
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then  the  yellow,  and  so  on,  until  at  length  the  whole 
range  of  the  spectrum  will  be  seen,  from  the  extreme 
red  to  the  extreme  yiolet 

But  the  question  will  at  once  suggest  itself  at  this 

point, — What  are  the  limits  of  the  spectrum  ?  When  we 

were  considering  the  solar  spectrum,  we  might  have 

inferred  that  the  limits  of  visibility  are  the  true  limits 

of  the  space  to  which  the  solar  action  extends.     But 

now  that  we  have  seen  a  spectrum  growing  with  the 

growing  heat  of  the  source  of  light,  we  are  naturally 

led  to  inquire  whether  there  are  limits  to  this  growth. 

And,  again,  the  spectrum  of  a  gradually  heated  body 

begins  at  the  red  end  so  far  as  our  vision  is  concerned ; 

but  is  that  its  true  beginning  ? 

To  both  these  questions  an  answer  has  been  given. 
It  occurred  to  several  physicists  during  the  latter  half 
of  the  last  century  to  inquire  whether  the  heat  which 
undoubtedly  accompanies  the  light  forming  the  spec- 
trum corresponds  in  reality  with  the  light,  in  so  far 
that  where  the  light  is  strongest  the  heat  is  strongest, 
and  vice  versdy  while  where  light  fails  totally  there  heat 
also  fails.  They  found  that  no  such  correspondence 
exists.  So  far  as  the  visible  spectrum  is  concerned, 
the  greatest  heat  is  not  received  where  the  spectrum 
is  brightest,  but  at  the  red  end.  Sir  W.  Herschel, 
however,  at  the  beginning  of  the  present  century,  found 
that  the  maximum  of  heat  comes  from  beyond  the  red 
end  of  the  spectrum ;  while,  yet  farther  beyond  the 
red  end,  heat  continues  to  be  received  for  a  distance 
whose  extreme  limit  has  not  yet  been  determined. 
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Heat,  however,  ia  not  received  beyond  the  violet  end 
of  the  Bpectrum,  nor  even  completely  up  to  the  limits 
of  visibility  in  that  direction. 

Yet  we  now  know  that  in  this  direction,  aleo,  the 
limits  of  visibility  are  not  to  be  regarded  as  the  limits 
of  the  solar  action.  Besides  the  heat  and  light  which 
are  transmitted  through  the  prism,  there  is  mother 
form  of  action  whose  etTects  are  as  distinct  from  heat 
and  light  as  heat  and  light  are  from  each  other.  We 
know  that  the  solar  rays,  besides  illuminating  sad 
heating  subst^inces  on  which  they  fall,  produce  changes 
in  the  apjienrance  and  constitution  of  many  substances. 
To  take  a  familiar  example :  the  solar  rays  falling  on  - 
the  skin  not  only  wann  it,  and  so  alfect  the  sense  of 
touch ;  not  only  illuminate  it,  and  so  affect  the  sense 
of  sight;  but  Ian  it,— an  effect  which  is  not  directly 
cognisable  by  any  sense  that  wc  posaese,*  though  in- 

•  It  need  hnriUy  bo  Mid,  pfrhiipa,  that  Ihp  reference  here  to  th* 
Btnses  is  not  intniduced  ab  bpuriog  in  nnj  whj  on  the  Bnbje«t  uf  ipee- 
troxxipic  anulf  BIS,  but  us  aflbiding  a  dialinction  of  h  papulKT  kind  bf- 
twoen  the  thrte  forms  of  soliir  notion.  Il  in  worthj  of  notice,  however, 
thill  WB  have  IL  Banee  by  which  ihe  aclion  of  the  longer  li|;hl-v8Tu» 
eorrefipooding  lo  the  red  end  and  the  parts  beyond  tbf  red  end  of  the 
fpeclmm  is  recogniecd  by  Qs,  and  another sfnee  cnabliaguB  to  rwKigiiisf 
the  action  of  Ihe  medium  iraveB  corregponding  to  the  yellow  part  of  the 
Bpecrnimand  in  gradually  dim inUhJng  degree  the  waves  CDFreBpondtngto 
parts  np  to  the  red  end  on  one  side  and  the  violet  end  on  the  other  side : 
but  we  have  no  nense  enabling  uh  to  recognise  directly  Uie  actloD  of  the 
shorter  waves  corresponding  to  parta  of  the  spectrum  beyond  the  violet 
end.  la  it  not  coDn^ivable  thdt  some  creatures,  even  among  terrestrial 
beings,  may  possess  a  sense  eaabling  them  to  recognise  the  action  of  these 
short  wares,  and  that  such  a  aeoee  may  give  them  powirs  aa  distinct 
from  the  powers  we  possefis  in  virtue  of  the  seoses  of  touch  and  of  sight, 
as  the  sense  of  sight  is  distinct  from  the  sense  of  touch  ?  A  man  bom 
btiod  may  not  be  more  incapable  uf  conceiving  the  nature  of  the  senae 
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the  spectrum  indicating  the  relative  intensity  ~ 
heat,  light,  and  chemical  activity  of  the  portion  of  th^ 
spectrum  immediately  below.  Thus,  beyond  the  red 
end,  the  heat-curve  is  seen  to  acquire  ite  greater 
height,  iudicatinu  that  the  maximum  heating  effect  ii 
exerted  there.  The  light-curve  reaches  its  great««| 
height  above  the  part  of  the  spectrum  between  D  andB^ 
— in  the  yellow  portion,  that  is,  of  the  spectrum.  Tha 
heat-curve  reaches  the  base-line  close  by  G,  while  thq 
light^curve  extends  somewhat  beyond  h.  At  e  the 
actinic  curve  rises  above  the  base-line,  reaching  itri 
greatest  height  above  G  and  ii,  and  thence  passing 
down  to  tbe  base-line  far  to  the  right  of  the  violet  endj 

It  appears,  then,  that  from  the  extreme  heat  end  ol 
the  spectrum  to  near  A  there  is  heat  only ;  from  neal 
A  to  about  E  we  have  heat  and  light  combined ;  &oia 
E  to  c,  all  three  forms  of  action — light,  heat  anS 
actinism — are  present.*  From  about  G  to  a  little 
beyond  e,  light  and  actinism  (though  very  little  of  th« 
former)  are  exerted,  while  from  a  little  beyond  H  to 
the  extreme  actinic  end  of  the  spectrum  there  is  acti- 
nism alone. 

It  may  be  well,  however,  to  warn  the  reader  against 
the  error  sometimes  made,  of  assuming  that  where  two 
forms  of  action  are  present  they  are  separable  (or  caa 
be  conceived  to  be  separated)  from  each  other.  For 
example,  it  would  be  incorrect  to  aay  that  near  u  a 
small  proportion  of  heat  rays,  and  a  larger  proportion 

•  It  is  north?  of  nolim  how  small  the  wnount  of  all  three  k 
aclioa  bmnniea  dcht  the  r  line  of  the  BpecCrum, 
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of  fi^t  rays,  fall  on  the  Bpectnim.     The  correct  state- 
ment is  diat  those  rays  (or  rather  light-waves)  which 
reach  this  part  of  the  spectrum  are  capable  of  exciting 
heit  to  a  certam  extent,  and*  light  to  a  somewhat 
greater  extent 

We  see,  then,  that  in  addition  to  what  spectroscopic 
uaTysis  has   already  taaght  us,  we  must  add  this 
;   interestiDg  fact,  that  the  three  forms  of  action  which 
I    nin-light  is  capable  of  exerting  are  associated  with 
diffierent  parts  of  the  spectrum — heat  with  the  red  end 
ind  parts  beyond ;  chemical  action  with  the  violet  end 
and  parts  beyond  that ;  and,  finally,  light  more  parti- 
cularly with  the  yellow  part  of  the  spectrum,  though 
of  course,  as  the  very  term  visible  spectrum  implies, 
more  or  less  light  is  received  from  all  parts  of  the 
coloured  spectrum. 

And  the    intimate   real    association   which   exists 
between  the  three  forms  of  action  is  shown  by  nothing 
more  distinctly  than  by  this,  that  when  a  solid  or  fluid 
bodj  is  gradually  raised  to  a  white  heat,  all  the  forms 
of  action  are  generated : — first,  heat ;  then  heat  and 
light;  then  heat,  and  light,  and  actinism — as  the  forma- 
tion of  the  continuous  spectrum  of  such  bodies  serves 
abundantly  to  prove. 

Only  one  solid  substance,  the  earth  erbia,  gives  a 
non-continuous  spectrum  when  heated.  So  that  it  has 
come  to  be  regarded,  as  a  characteristic  peculiarity  of 
incandescent  solids  and  fluids,  that  they  present  a  rain- 
bow-tinted streak  of  light  crossed  by  no  dark  lines  or 
gaps. 


THE  sua: 

Witli  glowing  rapoiirs  the  case  b  altogether  differeot. 
Although  there  are  exceptions  to  the  rule,  it  may  be 
stated  as  a  general  characteristic  of  the  spectra  ofeuch 
vapours  that  they  consist  of  coloured  lines  or  hands. 
Sir  David  Brewster,  Sir  John  Herachel,  and  Talbot, 
were  among  the  first  who  examined  such  spectra.  In. 
182*2  Sir  John  Herschel  called  attention  to  the  im- 
portance of  the  study  of  the  lines  and  bands  seen  in 
the  spectra  of  the  vapours  of  different  elements.  '  The 
pure  earths,'  he  said,  *  when  violently  heated,  yield 
from  their  surfaces  lights  of  extraordinary  splendour, 
which  when  examined  by  prismatic  analysis  are  found 
to  possess  the  peculiar  definite  rays  in  excess  which 
characterise  the  tints  of  the  flames  coloured  by  them; 
so  that  there  can  be  no  doubt  that  these  tints  arise 
from  the  molecules  of  the  colouring  matter  reduced  to 
vapour,  and  held  in  a  state  of  violent  ignition.' 

It  would  be  interesting  to  trace  the  history  of  those 
I aburious  researches  by  which  men  of  science — Herache^ 
Brewster,  Tyndall,  the  Millers,  Huggins,  Griadstone, 
Frankland,  PlUcker,  Hittorf,  and  many  others — hare 
determined  the  spectra  of  gases  and  vapours  by 
various  methods  and  under  various  conditions.  But 
as  in  this  treatise  I  feel  bound  to  deal  only  with  those 
parts  of  the  history  of  spectroscopic  analysis  which  are 
associated  with  the  study  of  the  Sun,  or  which  serve  to 
elucidate  solar  physics,  I  must  here  content  myself 
with  indicating  results  without  describing  the  procesaes 
by  which  they  were  obtained,  or  assigning  to  each  of 
the  eminent  men  above-named,  and  to  their  fellow- 
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Iketrs  their  exact  sliare  in  the  noble  series  of  labours 
lared  to. 

At  an  early  stage  of  the  infjuiry,  though  at  the 
ne  the  phenomenon  was  not  correctly  interpreted, 
I  muftns  nas  found  of  obtaining  the  spectra  of  the 
rwpotirs  of  elements  which  cannot  bo  vaporised  by 
iw^ary  mctboda.  It  was  noticed  that  the  electric 
■k  haa  a  spectrum  consisting  of  bright  lines.  But, 
■Hke  all  the  sourcea  of  light  whose  spectra  have 
•V)  been  considered,  the  electric  spark  yields  a 
spectrum.  AVhen  tlie  electric  discharge  takes 
between  conductors  of  the  same  nature,  and 
any  given  and  unchanged  medium,  the  same 
n  is  always  seen  ;  hut  when  either  condition  is 
ieparled  from,  a  different  spectrum  ia  obtained. 

It  wag  presently  recognised  tbat  the  spectrum 
Dbtained  from  the  electric  spark  is  twofold  in  its 
It  includes  the  spectrum  of  the  gas  or  vapour 
fcingh  which  the  discharge  takes  place,  and  also  the 
'pdctnim  of  the  vaporised  substance  of  the  conductors. 
Here,  tlien,  was  a  ready  means  of  determining  the 
iKctRmf  the  metallic  and  other  elements*  not  easily 
^Utilised  in  other  ways,  as  also  of  such  gases  as 
litwgen  and  oxygen ;  while  conditions  of  pressure, 
RmtnnatioD,  and  the  like,  could  be  introduced,  which 
wold  be  wholly  impracticable  il'  the  method  of  vapor- 
sing  elements  in  the  flame  of  an  ordinary  lamp  hod 
■lone  been  available. 

*  Il  ■>«[»  imneceBsary  to  spvik  of  the  ipoctra  of  the  tapours  oi  mtL\\, 
•^  foijltlnituM,  «liii»  in  NiilitjitU  0Ql^4Ut  vspuurEUllliroti.  audiui 
Ul  tt|  tot  bHo  chunctsriatii:  ipectra  at  all. 
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In  this  -vi&f  a  large  number  of  elements  1 
spectra  assigned  to  thena,  while  in  several  instsnt 
physicists  began  to  recognise  peculiarities  in  the  sp4 
triim  of  the  same  element  when  examined  under  d 
ferent  conditions. 

But  an  important  series  of  researches  yet  remainsj 
be  considered.  Hitherto  we  have  dealt  with  the  acta 
spectra  of  luminous  objects ;  we  have  now  to  inquj 
into  the  effects  produced  on  these  spectra,  when  ij 
light  wliich  forms  them  is  allowed  to  pass  throii| 
absorbing  media.  We  owe  chiefly  to  Sir  Da» 
Brewster  the  initifltion  of  this  branch  of  research/ 
though  in  this  as  in  so  many  otber  departments  of  spa 
troscopic  inquiry,  wc  find  a  host  of  distinguisb 
physicists  joining  in  the  work.  Brewster  found  til 
when  ordinary  solar  light  is  transmitted  through  ti 
thick  vapour  of  nitrous  gas,  a  number  of  new  dai 
lines  are  seen,  parallel  to  the  Fraiinhofer  lines,  &| 
congregated  in  a  remarkable  degree  towards  the  viol 
end  of  the  spectrum.  He  further  proved  that  the 
lines  were  seen  whatever  the  source  of  light  might  b 
Professors  Miller  and  Daniel  made  further  research 
into  the  effects  of  vapours  in  causing  dark  lines  ' 
appear  in  the  spectrum  of  solar  or  white  light.  Son 
of  Professor  Miller's  results  are  worth  quoting,  b 
cause  they  show  how  closely  a  physicist  may  approw 
a  great  discovery  without  actually  effecting  it.  '  Firai 
he  says,  'colourless  gases  in  no  case  give  addition 
lines,  or  lines  differing  from  those  of  Fraiinhofe 
Secondly.  The  mere  presence  of  colour  is  not  a  securil 
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that  new  lines  will  be  produced ;  for  instance,  of  two  va- 
poora  undistinguishable  by  the  eye,  one,  bromine,  gives 
a  great  number  of  new  lines,  while  the  other,  chlorine 
rf  tungsten,  exhibits  none.     Thirdly.    The  position  of 
the  new  lines  has  no  connection  with  the  colour  of  the 
gas ;  with  green  perchlorine  of  manganese,  fhe  new  lines 
abound  in  the  green  of  the  spectrum ;  with  red  nitrous 
add  they   increase    in  number  and   density   as   we 
approach  the  spectrum's  blue  extremity.'     Some  of 
these  results,  rightly  understood,  contain  the  germ  of 
the  great  discovery  afterwards  effected  by  Kirchhoff ; 
since  in  some  of  the  cases  actually  experimented  on  by 
Professor  Miller,  the  absence  of  new  lines  meant  simply 
that  the  absorption  lines,  corresponding  to  the  element 
he  was  dealing  with,  were  coincident  with  some  of  the 
Fraiinhofer  lines.     Others,  however,  approached  the 
solution  of  the  great  problem  even  more  nearly,  since 
they  actually  touched  on  the  principle  of  the  reversal 
of  the  spectral  lines,  which  affords  the  explanation  of 
the  coincidences  detected  but  unnoticed  by  Professor 
Miller.     *  None  of  these  distinguished  men,'  says  Pro- 
fessor Tyndall,  *  betrayed  the  least  knowledge  of  the 
connection  between    the  bright  bands  of  the  metals 
and  the  dark  lines  of  the  solar  spectrum.  The  man  who 
came  nearest  to  the  philosophy  of  the  subject  was 
Angstrom.     In  a  paper  translated  from  PoggendoriTs 
*  Annalen  '  by  myself,  and  published  in  the  *  Philoso- 
phical Magazine'  for  1855,  he  indicates  that  the  rays 
which  a  body  receives  are  precisely  those  which  it  can 
emit  when  rendered  luminous.     In  another  place  he 
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was  exact.  *  In  order  to  test  in  the  most  direct  manner 
possible,'  he  says,  *  the  frequently  asserted  fact  of  the 
coincidence  of  the  sodium  lines  with  the  lines  D,  I  ob- 
tained a  tolerably  bright  solar  spectrum,  and  brought 
a  flame  coloured  by  sodium  vapour  in  front  of  the  slit. 
I  tlien  saw  the  dark  lines  d  change  into  bright  ones. 
The  flame  of  a  Bunsen's  lamp  threw  the  bright  sodium 
Knes  upon  the  solar  spectrum  with  unexpected  brilliancy. 
In  order  to  find  out  the  extent  to  which  the  intensity 
of  the  solar  spectrum  could  be  increased  without  im- 
pairing the  distinctness  of  the  sodium  lines,  I  allowed 
the  full  sunlight  to  shine  through  the  sodium  flame, 
and,  to  my  astonishment,  I  saw  that  the  dark  lines  d 
appeared  with  an  extraordinary  degree  of  clearness.' 

Let  the  full  force,  of  this  result  be  recognised  before 
we  proceed  to  consider  the  method  by  which  Kirchhoff 
certified  himself  as  to  its  exactness.  He  had  shininrr 
in  through  the  slit  two  kinds  of  light-  sunlight  and 
the  light  of  the  sodium  flame.  The  sunlight  alone 
would  have  given  the  ordinary  solar  spectrum  with  the 
D  lines  of  a  certain  degree  of  darkness.  The  sodium 
flame  alone  would  have  given  two  bright  lines  just 
where  the  dark  D  lines  of  the  solar  spectrum  appear. 
What  he  expected  was,  naturally,  that  the  bright  lines  of 
the  sodium  spectrum  would  at  least  partially  reduce  the 

▼hole  arrangement  seems  singularly  ineffective  in  comparison  with  the 
spectroscopes  now  in  use;  for  example,  if  we  compare  Kirchhoff's 
ViAttery  with  the  battery  of  prisms  in  the  fine  spectroscope  made  by 
Browning  for  Mr.  Gassiot,  the  former  seems  almost  ridiculous  in  its 
imperfectness.  *  A  cough  or  a  sneeze,'  it  has  been  well  remarked, 
*  would  set  that  whole  battery  in  disarray,  with  which,  nevertheless, 
Kirchhoff  solved  the  secret  of  the  solar  spectrum/ 


darkness  of  the  coresponding  d  lines,  even  if  they  did 
not  altogether  cause  these  dark  lines  to  disappear,  or  to 
be  replaced  by  bright  lines.  But  these  lines  actutdly 
appeared  darker.  It  ivaa  precisely  as  though  an  ex- 
perimenter were  to  cast  a  beam  of  light  exactly  upoD  a 
shadow,  and  to  see  the  shadow  actually  intensified 
instead  of  the  reverse. 

I^rchholf  proceeded  to  test  this  astonishing  result. 
'  I  exchanged  the  sunlight  for  the  Drummond's  or 
oxy-hydrogen  lime-light,  which,  like  that  of  all  incan- 
descent solid  or  liquid  bodies,  gives  a  spectrum  con- 
taining no  dark  lines,  MTien  this  light  was  allowed  to 
fall  tlirough  a  suitable  flame  coloured  by  common  ealt, 
dark  lines  were  seen  in  the  spectrum  in  the  position  of 
the  sodium  lines.  The  same  phenomenon  was  observed 
if,  instead  of  the  incandescent  lime,  a  platinum  wire 
was  used,  which,  being  heated  in  a  flame,  was  brought 
to  a  temperature  near  its  melting  point  by  passing  an 
electric  current  through  it.' 

These  exj)eriments  were,  if  possible,  even  more 
stiiking  than  the  former ;  for  now  Kirchhoff  bad  two 
lights  which  seemed  to  produce  darkness.  The  electric 
light  alone  covered  with  its  continuous  spectrum  the 
place  where  the  sodium  lines  appear  in  the  solar  sjiec- 
trum  ;  the  sodium  light  alone  lit  up  this  very  part  of 
the  spectrum.  ^VHien  the  two  lights  were  both  shining 
one  would  have  expected  the  result  to  be  an  increased 
brightness  in  this  part ;  instead  of  which  there  actually 
resulted  darkness. 

The  observed  fact  is  in  itself  important ;  its  inter- 
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pretation  involves  one  of  the  most  important  facts  ever 
discovered  by  man.  It  is  well  to  distinguish  between 
the  two. 

The  observed  fact  is  that  the  sodium  flame,  which 
emits  rays  of  a  certain  order  of  refrangibility — that  is, 
Tiys  which,  if  passed  through  a  prism,  will  follow  a 
certain  path — has  the  power  of  absorbing  rays  of  pre- 
cisely the  same  order.  The  interpretation  of  the  fact 
is  founded  on  the  existence  of  a  law  which  is  thus 
worded  by  Professor  Koscoe — •*  Every  substance  which 
emits  at  a  given  temperature  certain  kinds  of  light,  must 
possess  the  power  at  that  same  temperature  of  absorb- 
ing the  same  kinds  of  light.'  * 

•  This  is  merely  a  corollary  from  a  more  general  law,  according  to 

vtich  the  same  relation  holds  between  the  powers  which  substances 

possess  of  emitting  and  absorbing  heat-waves  as  well  as  light-wavos 

and  actinic- waves.     The  law  called  the  theory  of  exchanges  was  first 

ennnciAted  for  heat  by  Prevostof  Geneva,  and  has  since  been  established 

for  heat  and  light  by  the  researches  of  Prevostaye,  Dessains^  Stewart, 

and  Kirchhoff.     So  far  as  the  application  of  the  theory  to  light  is  con- 

cenied,  it  must  be  admitted  that  there  are  still  many  difficulties  in  the 

waj  of  its  complete  acceptance.  These  difficulties  somewhat  importantly 

affect  our  conclusions  where  we  are  considering  the  application  of  the 

theory  in  mode  and  measure  to  spectroscopic  researches,  though,  so  far 

as  the  general  results  here  chiefly  considered  are  concerned,  they  need 

not  greatly  trouble  us. 

I  may  refer  my  reader  to  Dr.  Stewart's  Elementary  Treatise  on  Heat 
for  a  very  interesting  examinatibn  of  the  subject  and  the  demonstration 
of  the  fundamental  principles  involved  in  the  law.     But  I  must  cautior 
the  reader  against  one  point  in  the  course  of  Dr.  Stewart's  reasoning, 
which  is  very  likely  to  mislead,  and  involves  an  error  in  an  optical 
subject  of  considerable  importance.     It  is  necessary  for  the  demonstra- 
tion that  the  course  of  rays  (light-rays  or  heat-rays)  not  falling  quite 
p«»rpendicularly,  or  rather  not  strictly  parallel  to  each  other,  should  be 
considered,  and  Dr.  Stewart  removes  the  difficulty  for  small  beams  of 
ight  or  heat,  by  considering  the  size  of  the  source  of  light.     He  says, 
'  Just  as  a  line  is  in  reality  always  part  of  the  boundary  of  a  solid,  so 


Kirchhoff  experimented  on  other  elements.  He 
found  that  a  flame  coloured  by  potassium  causes  dark 
lines  to  appear  on  the  continuous  spectrum  of  tlie  lime- 
ligbt,  and  that  these  lines  appear  precisely  where 
bright  lines  are  seen  when  the  spectrum  of  that 
coloured  flame  is  viewed  alone.  The  same  was  proved 
by  Kirchhoff  and  Bunsen  for  the  lines  of  lithium, 
calcium,  strontium,  and  barium ;  while  it  has  been 
shown  to  bold  for  other  elements  by  Dr.  Miller  and 
others. 

But  now  that  the  general  law  was  established,  im- 
portant results  respecting  solar  physics  were  established 
along  with  it.  Since  Kirchhoff  had  proved  that  when  the 
electric  light  shines  through  a  sodium  Same,  the  sodium 

n  ray  is  olways  in  reality  jmrt  of  the  Iiotindnry  of  n  beam  or  pencil  of 
light-  We  may  sutiiily  ourselveB  thai  ihiS  is  the  case  in  nature  by  i 
eonsideriiig  the  light  whiirh  reitches  tlie  «yo  from  a  ttar  or  otlisr  (>towt 
apparently  very  Binall;  Ihls  would  seem  to  bn  the  ooareat  approach  to 
a  geometrical  line  of  light,  whereas  ainee  n  Btar  has  a  certain  real, 
though  very  ruinate,  angular  diameter,  the  light  from  it  is  in  realiQr  k 
converging  pencil,  nlthouj{h  no  doubt  the  angle  of  convei^ence  is  tb^ 
■mall.*  On  account  of  the  importnnee  of  the  optical  consideration  ■  in  ' 
question,  I  may  be  permitted  to  correct  what  is  undoubtedly  an 
erroneooa  slatemenl.  The  difficulty  must  be  got  OTec  by  cODsideriiiK 
the  tite  of  the  oliject  on  which  light  or  beat  rays  fall,  not  by  eon- 
aidariog  the  Eize  of  the  loiirc?  of  light.  There  h  do  such  thing  in 
nature  as  a  conrerging  pencil  of  light  proceeding  ditoctly  JioiD  a 
luminous  object.  All  real  pfncils.  whether  of  light  or  of  heat,  an 
originally  divorging:  they  direrge  from  every  paint  at  the  aalf- 
luminnuB  or  heat-giviag  body,  and  the  angld  of  their  divBrgeiMa  ia 
real — however  minnte  it  may  bo — so  long  at  the  object  which  receives 
light  or  hent  biia  renl  dimensiona,  however  minnte.  This  consideration 
does  not  affect  the  coadnsions  deduced  by  Dr.  Stewart,  since  nn-  ■  I 
dauhtedly  tbe  diverging  pencils  of  light  or  heat,  &om  a  source  of  con-  i 
Biderahle  dimcnaiona,  form  a  converging  beam,  when  we  coDsider  tl 
with  reference  t«  a  amaller  object  on  which  they  foil. 
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lines  appear  as  dark  lines  across  the  continuous  spec- 
trum of  the  electric  light,  what  was  more  obvious  than 
the  conclusion  that  sunlight  also,  which  shows  these 
same  dark  lines,  must,  before  reaching  us,  have  passed 
throngh  the  vapour  of  sodium.  Either  then,  in  our 
own  atmosphere,  or  in  the  atmosphere  of  the  Sun,  this 
familiar  metal  sodium,  the  basis  of  such  commonplace 
substances  as  salt  and  soda,  must  exist  in  quantities 
sufficient  to  cause  the  observed  absorption-lines. 

But  more  than  this,  those  countless  other  lines  which 
cross  the  solar  spectrum  must  each  indicate  some 
process  of  absorption  exerted  by  vapours  in  our 
atmosphere  or  his.  Since  the  presence  of  sodium  has 
thus  been  demonstrated,  why  may  not  the  presence  of 
other  elements  be  in  like  manner  rendered  apparent  ? 

Kirchhoff  did  not  long  delay  the  inquiry  thus  sug- 
gested. He  compared  the  spectrum  of  iron  (or,  to  use 
the  accepted  mode  of  expression,  the  spectrum  of  the 
luminous  vapour  of  iron)  with  the  solar  spectrum. 
Now,  the  spectrum  of  iron  as  known  to  Kirchhoff 
contained  some  sixty  bright  lines.*  There  was  a 
great  difference,  then,  between  this  spectrum  and 
that  of  sodium.  Yet,  to  his  astonishment,  Kirchhoff 
found  that  jirecisely  as  the  two  sodium  lines  agree 
with  the  D  lines  of  the  sodium  spectrum,  so  every 
one  of  the  iron  lines  had  its  counterpart  in  the  solar 
8pectrum.t     Line  for  line,  and  not  only  so,  but  strong 

*  Many  more  bare  since  been  diecoycred ;  in  fact,  there  are  now  more 
than  450  recognised  iron  lines, 
t  It  is  hardly  necesfiaiy  to  note,  perhaps,  that  Kirchhoff  conld  not 


I 
I 


line  for  strong  line,  and  faint  line  for  faint  line,  every 
line  of  the  iron  spectrum  appears  as  a  dark  line  iu  the 
spectrum  of  the  Sun  '. 

KirchhofF  in  all  probability  never  questioned  for  a 
moment  the  conclusivencBs  of  this  relation.  He  must 
have  felt  ita  significance  intuitively.  It  was  probably, 
therefore,  only  to  satisfy  others  that  he  presented  a 
strong  argument  from  the  theory  of  pi-obabilitiee  in 
favour  of  the  view  that  the  observed  relation  implied  a 
real  a-saociation  between  the  two  eetfi  of  lines.  Taking 
aa  4  the  chance  that  a  bright  line  in  the  iron  spectrum 
would  seem  to  have  a  counterpart  in  the  richly  '  lined  * 
Bolar  spectrum  if  accident  were  alone  in  question,  he 
calculates  that  the  chance  of  the  observed  relation 
(leaving  altogether  out  of  question  the  relative 
strength  of  the  lineB)  is  less  than 


'  Hence,'  remarks  KirchhofF, '  this  coincidence  must 

eslnblish  tbia  nsull  in  ihe  same  wsyas  the  former,  bMsiua  he  eonld 
not  cause  minligbt  to  shine  through  the  glowing  rapour  of  iron.  Ha 
enipto^ai  a  method  quiLe  hb  eatiafiietory  hovorer,  causing  the  light 
from  iron  vaponscd  b^  tho  e1wtri<!  spark  to  form  a  sptvlrum  side  by 
side  with  the  solar  apectrum,  the  Boln  light  heiag  admitted  direetljr  to 
the  battery  of  pHsmB  ;  that  of  the  iron  Iwing  admitled  sfler  nSdctioit 
through  a  small  prism  near  the  slit. 

•  To  this  I  may  addthattharhanceof  thaobBBrvpd  relation,  now  that 
460  lines  of  iron  ^«  refcgnised.  is  less  than  a  fniclion  whose  numeralor 
is  unity,  and  whoflo  denominator  coasisl^  of  no  less  than  136  figures  (tha 
first  Four  being  2907).  This  eliante  is  not  very  unequal  to  that  which 
I  have  shown  to  curreapand  to  the  probability  that  one  of  the  leu 
marked  peculiarities  of  stellar  amingomsiit  detecltd  by  me  while 
couBtrUctiug  my  large  atar-alliis,  is  due  to  mere  diance-distribulion. 


ASAirsiyO  aVA'UfiHT. 


>23l 


tdoced  \iy  Bome  cause,  and  a  cause  can  be  assigned  I 
It  affords  a  perfect  explanation  ot'thephcnomeu 
i  obserTed  phcnomeQiui  may  be  explained  by  the  I 
Oeition  that  tbe  rajs  of  ligtt  wbicli  form  tlie  solar  I 
i  have  passed  through  the  vapour  of  iron,  and  I 
t  thne  suffered  the  absorption  which  the  vajwur  of  1 
iE  must  exert.     As  this  is  the  only  assignable  cause  f 
I  coincidence,  tlie  suppoBition  ajipears  to  he  a 
txy  one.    These  iron  vapours  might  be  contained 
a  the  atmosphere  of  th«  8un  or  in  that  of  the 
But  it  is  not   easy  to  understand  how   our 
Oiphere  can  contain  such  a  quantity  of  iron  vapour  I 
Cvould  produce  the   very  distinct   absorption -lines  J 
h  we  sec  in  the  solar  spectrum,  and  this  supposi- 
I  is  rendered  still  less  probable  by  the  fact  that  ] 
!  lines  do   not   appreciably  alter  when  the  Sun  [ 
oaches  the  horizon.    It  does  not,  on  the  other  hand, 
D  at  all  unlikely,  owing  to  the  high  temperature  ] 
must    suppose   the    Sun's    atmosphere   to  I 
H,  that   such  vapours  should  be   present  in  it.  . 
16  tlte  observations  of  theaolar  spectrum  appear t« 
■  lo  prove  the  presence  of  iron  vapour  in  the  solar   | 

sphere  with  as  great  a  degree  of  certainty  as  we 
Battwn  in  any  question  of  natural  science.' 

i  cautiously  did  Kirchhuff  proceed  in  establish- 
I  tbe  great  principle   on   which   spectroscopic   re- 

Aes  into  solar  physics  were  to  depend.     Nothing  ] 

I  periiaps  be  required  to  strengthen  the  confidence  1 

«  readcrintbejusticeof  this  principle.   Yet  it  may 

d  that  the  effect  of  our  own  atmoejthere  on  the 
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Bolar  speetrumiB  now  thoroughly  recognised  and  found 
to  correspond  with  the  density  of  the  layers  through 
which  the  Sun's  rays  penetrate  at  different  hours  rf 
the  day.  The  reader  may  further  he  reminded  of  what 
has  been  already  said  respectmg  the  evidence  afforded 
by  the  character  of  stellar  Bpectra.  All  those  spectra 
would  undoubtedly  be  similar  to  each  other  and  to  the 
solar  spectrum  if  our  atmosphere  contained  the  source 
of  all  the  spectral  dark  lines.  It  is  to  be  noted  also 
that  while  the  coincidences  in  the  case  of  iron  Ber\-e  to* 
confirm  any  evidence  we  may  derive  from  other  coin- 
cidences, they  are  also  ronfinned  hy  such  evidence ; 
because  as  one  af):er  another  the  terrestrial  elements 
are  found  to  have  spectral  lines  corresponding  with 
the  solar  dark  lines,  the  general  fact  becomes  more  and 
more  firmly  established  that  the  Sun  is  constituted  of 
those  elements  with  which  we  are  familiar. 

Kirchhoff  found  that  calcium,  magnesium,  and  chro- 
mium exist  in  the  solar  atmosphere.  The  presence  of 
nickel,  also,  and  cobalt  was  indicated  by  the  agreement 
of  the  most  conspicuous  of  their  lines  mth  aolar  dark 
lines.  All  the  hnes  of  these  metala,  however,  could 
not  be  recognised,  nor  were  the  coincidences  in  the 
case  of  cobalt  sufficient  to  satisfy  Kirchhoff.  '  I  con- 
eider  myself  entitled,'  he  says, '  to  conclude  that  nickel 
is  yiaible  in  the  solar  atmosphere ;  but  I  do  not  yet  ex- 
press an  opinion  as  to  the  presence  of  cobalt.  Barium, 
copper,  and  zinc,' he  proceeds, '  appear  to  be  present 
in  the  solar  atmosphere,  but  only  in  small  quantities; 
the  brightest  of  the  lines  of  these  metals  correspond  to 


AA'ALYSIXG  HiyLIGHT. 


125 


dutioct  lines  in  the  solar  spectrum,  but  the  weaker 
Hoei  tie  not  noticeable.  Tlie  rcmaming  metak  which 
I  hare  examined,  viz.  gold,  Bilver,  mercury,  aluminium, 
cadauum,  tin,  lead,  antimony,  arsenic,  strontium,  and 
bthium,  are,  according,  to  my  observations,  not  visible 
in  the  solar  atmosphere.' 

I  have  thus  far  quoted  Kirclihoff,  not  because  the  ac- 
connt  of  his  inve:»tigations  exhibits  the  actual  state  of 
our  knowledge  at  the  present  time,  but  because  they 
we  to  associated  with  the  discovery  of  the  great  prin- 
ciple on  which  spectroscopic  analysis  depends  as  to  have 
in  interest  wholly  distinct  from  that — great  as  it  is — 
wfcich  they  derive  from  their  intrinsic  importance.  It 
voulj  occupy  much  more  space  than  is  here  at  my 
Juposal  to  exhibit  the  progress  of  research  by  whicli 
trar  knowledge  of  the  solar  spectrum  has  reached  its 
present  jiOHitioQ.  For  the  full  history  of  the  subject  I 
•fluid  refer  my  readers  to  Dr.  Schellen's  admirable 
'  Spectral  analyse, '  •  and  to  the  excellent  treatise  on 
'pwtroscopic  analysis  by  Professor  Koscoe.  So  far  as 
■"J  purpose  in  this  plaoc  is  concerned  it  is  only  neces- 
»wy  for  me  to  sum  up  the  results  of  the  search  for 
^incidences  between  solar  dark  lines  and  the  bright 
lines  of  terrestrial  elements — in  other  words,  to  exhibit 
"K  elements  whicli  exist,  so  far  as  is  yet  known,  in  the 


*  Aliuulatlonof  thistrorkby  lii^duu^htera  ofMr.Lnsaell.  F.R.A.3., 
"*  "diW  tj  Dr,  OiigRinB.  the  greal.  English  roastfir  of  the  auliject, 
•"I  pobslily  Irt  published  (by  jHesers.  Longiuana)  beforo  lliU  work 
■    ll  will  contain  msDj  important,  additions  as  compared  with 
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substance  of  the  great  central  luminary  of  our  system. 
The  following  table,  ilrawn  up  by  M.  Angstrom, 
exhibits  the  number  of  lines  bclunging  to  the  several 
elements  enumerated,  which  have  been  found  to  eof^ 
respond  with  dark  lines  of  the  solar  spectrum: — 


HyiTcg^n   . 

MaDguesr       . 

Sodium 

9 

Chrominni 

Bsrium       . 

.        11 

Cohdl      .         . 

C«ldum      . 

.      75 

NiAel      .        . 

MtgDesiam 

i*{Z1) 

Zinc        .        . 

Ainminium 

2? 

Copper     . 

Iron  .       .       . 

.     150 

TlUuium 

It  will  be  noticed  that  the  solar  spectrum  shows  do 
traces  of  the  existence  of  the  nobler  metals,  gold  and 
silver,  nor  of  the  heavy  metals,  platinum,  lead,  and 
mercury.  On  the  other  hand,  it  is  significant  that  the 
lines  of  nitrogen  and  oxygen  arc  absent,  though  these 
gases  can  scarcely  be  supposed  to  be  actually  wanting. 
We  must  remember,  in  forming  an  opinion  as  to  tlie 
absence  of  these  elements  (as  also  of  such  elements  as 
carboD,  boron,  silicon,  and  sulphur),  that  while  tLe 
presence  of  certain  lines  in  the  solar  system  may 
prove  abundantly  that  the  terrestrial  element  wbidi 
has  corresponding  bright  lines,  exists  in  the  Sun's  sub- 
stance, it  by  no  means  follows  with  equal  certainty 
that  because  all  the  lines  of  an  element  are  wanting  in 
the  solar  speeti-um,  therefore  the  Sun  does  not  contain 
those  elements.  This  will  appear  when  we  consider 
the  various  circumstances  which  may  cause  an  element 
really  existing  in  the  Sun's  substance  to  afford  no 
trace  of  its  presence.     In  the  first  place,  the  vapour  of 
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tbat  element  may  be  of  a  density  causing  it  to  lie 
always   at  a  very  low  levels  and  therefore  perhaps 
altogether   beneath  that  level  whence  proceeds  the 
white  light  of  the  Sun — that  is,  the  light  which  gives 
the  continuous  spectrum  across  which  the  dark  lines 
lie.     Or,  again,  the  element  may  exist  in  the  Sun's 
substance  at  such  a  temperature,  or  at  such  a  pressure, 
as  to  produce — not  well  defined  absorption  lines,  but 
—  only  broad  faint  bands,  which  no  optical  means  we 
possess  can  render  sensible  as  such.     Or,  again,  the 
element  may  be  in  a  condition  enabling  it  to  radiate  as 
much  light  as  it  absorbs,  or  else  very  little  more  or 
very  little  less — so  that  it  either  wholly  obliterates  all 
signs  of  its  existence,  whether  in  the  form  of  dark  lines 
or   bright  lines,  or  else  gives  lines  so  little  brighter 
or  darker  than   the  surrounding  parts  of  the  spec- 
trum that  we  can  detect  no  trace  of  their  existence. 
In  these,  and  in  yet  other  ways,  elements  may  really 
exist  (or  rather   undoubtedly  do  exist   in  the  Sun) 
of  whose   presence    we   can  obtain   no   trace   what- 
ever. 

In  other  chapters  of  this  work  the  evidence  afforded 
by  the  spectroscope  respecting  the  condition  of  various 
parts  or  appendages  of  the  Sun,  as  the  spots,  faculae, 
pores,  prominences,  corona,  and  so  on,  will  be  con- 
sidered at  length,  as  also  the  various  theories  to  which 
such  evidence  has  given  rise.  I  conclude  this 
chapter  by  enunciating  the  general  rules  of  spectral 
analysis,  and  by  explaining  the  rationale  of  certain 
recent  applications  of  the   spectroscope  which  have 
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deservedly  attracted  great  ioterest,  but  are  not  perhaps 
very  generally  understood. 

The  general  principles  of  spectioacopic  analysis 
as  follows : — 

1.  An  incandescent  solid  or  liquid  gives  a  continuous 
spectrum. 

2.  A  glowing  vapour  gives  a  epectrutn  of  bri^t 
lines,  each  vapour  ha^-ing  its  own  set  of  bright  linesi 
so  that  from  the  appearance  of  a  bright  line  spectrum 
we  can  infer  the  nature  of  the  vapour  or  vapours  whose 
light  forms  the  spectrum. 

3.  An  incandescent  solid  or  liquid  shining  through 
absorbent  vapours  gives  a  rainbow-tinted  Bpectmm 
crossed  by  dark  lines,  these  dark  lines  having  the  same 
position  as  the  bright  lines  belonging  to  the  s|)ectra  of 
the  vapours. 

4.  Light  reflected  from  any  opaque  body  gives  the 
same  spectrum  as  it  would  have  given  before  reflec- 
tion. 

5.  But  if  the  opaque  body  be  surrounded  by  vi^xnus, 
the  dark  lines  corresponding  to  these  vapours  appear 
in  the  spectrum  with  a  distinctness  proportioned  to  the 
extent  to  which  the  light  has  penetrated  these  vapours 
before  being  reflected. 

6.  If  the  reflecting  body  is  itself  luminous,  the  speo- 
trum  belonging  to  it  is  superadded  to  the  spectrum 
belonging  to  the  reflected  light. 

7.  Glowing  vapours  surrounding  an  incandescent 
body  will  cause  bright  lines  or  dark  lines  to  appear  in 
the  spectrum  according  as  they  are  at  a  higher  or  lower 
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temperature  than  the  body ;  if  they  are  at  the  eaine 
temperature,  they  will  emit  just  so  much  light  as  to 
comjieDaate  for  that  which  they  absorb,  in  which  case 
there  will  remain  no  trace  of  their  presence. 

8.  The  electric  spark  presents  a  bright-line  spectrum, 
compounded  of  the  spectra  belonging  to  those  vapours 
between  which  and  of  those  through  which  the  dis- 
charge takes  place.  Acconling  to  the  nature  of  these 
Tapours,  and  of  the  discharge  itself,  the  relative  inten- 
sity of  the  component  parts  of  the  spectrum  will  vary. 

It  will  be  seen,  as  we  proceed,  that  all  these  prin- 
ciples bear  more  or  less  directly  on  the  application  of 
8|iectroscopic  analysis  to  the  inter|)retation  of  solar 
phenomena. 

In  all  branches  of  spectroscopic  research  certain  dif- 
ficulties have  to  be  specially  dealt  with,  while  certain 
circumstances  avail  to  help  the  observer.  We  are  now 
to  consider, — first,  the  means  which  are  available  to  the 
astronomer  for  the  special  purpose  of  advancing  our 
knowledge  of  solar  phybics;  and,  secondly,  the  i)eculiar 
difficulties  which  he  has  to  overcome. 

In  the  exiicriment  illustrated  in  fig.  21  we  see  the 
action  of  a  single  prism  on  the  solar  light.  But  the 
time  has  long  since  passed  when  the  action  of  a  single 
prism  could  teach  us  anythnig  new  respecting  the  Sun. 
The  observer  has  to  work  nowadays  with  a  battery  of 
prisms.  A  portion  of  light  which  has  been  already  dis- 
])erscd  by  one  prism  is  received  on  another,  and  is  thus 
yet  more  dispersed ;  a  portion  of  this  doubly  dispersed 
light  falls  again  on  another  prism  and  emerges  yet  more 
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dispersed ;  a  portion  of  this  trebly  dispersed  light  falls 
on  a  fourth  priani,  and  so  on — the  nmiiber  of  prisms 
actually  employed  depending  on  the  B|)ecial  branch  of 
inquiry  which  ia  being  pursued,  for  some  require  mure 
(h'spersive  power  than  is  necessary  for  others. 

Space  compels  mo  to  limit  my  description  specially 
to  the  action  of  the  prismatic  battery,  and  I  therefore 
neither  describe  nor  illustrate  the  means  adopted  for 
causing  a  auitablj-sbapod  beam  of  solar  light  to  fall  on 


the  first  face  of  llic  first  prism.  I  therefore  simply 
state  the  fact  that,  in  the  study  of  the  solar  spectrum,  a 
beam  whose  cross  section  is  aa  8  g'(fig,25),  the  shape  of 
the  slit  through  which  light  ia  admitted,  falls,  as  shown 
in  fig.  25,  upon  the  first  piism  of  the  battery,  or  prism  1 
in  the  figure.  If  a  screen  were  placed  to  intercept  this 
beam  anywhere  between  8  s'  and  prism  1,  there  would 
be  seen  upon  the  screen  a  bright  bar  of  light  shaped 
like  8  s'.  Prism  I  disperses  this  beam  in  the  manner 
already  described,  and  the  beam  falls  thus  dispersed  on 
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prism  2.  If  a  screen  were  placed  to  intercept  the  beam 
anywhere  between  prism  1  and  prism  2,  a  short  solar 
spectrum  would  be  seen  on  it,  the  violet  end  lying 
towards  the  bases  of  the  prisms;  and,  assuming  the 
battery  of  prisms  to  lie  on  a  horizontal  plane,  the  length 
of  the  spectrum — that  is,  its  extension  measured  from 
red  to  violet — ^would  be  horizontal.     Then  this  beam 
passes  to  3 ;  and  if  a  screen  were  placed  between  2  and 
3  a  somewhat  longer  spectrum  would  be  seen.  Between 
3  and  4  the  spectrum  would  be  still  longer.     And, 
lastly,  a  screen  placed  beyond  the  last  prism,  as  a  &, 
would  show  the  solar  spectrum  much  longer  and  pro- 
portionately fainter  than  in  Newton's  experiment.  And 
although  no  such  screen  is  used  by  spectroscopists,  who 
receive  the  emergent  rays  into  a  telescope  with  which 
they  examine  the  spectrum,  it  will  be  convenient  for 
our  purpose  to  refer  at  present  to  a  spectrum  supposed 
to  be  received  on  a  screen,  as  in  fig.  25. 

^low,  on  a  &  I  have  shown  a  violet  image  of  the  slit 
^%an  indigo  one  i,  and  so  on,  to  a  red  image  at  r.  But 
tbcre  are  an  infinite  number  of  images  ranged  from  the 
extreme  violet  end  to  the  extreme  red  end.  In  places, 
however,  no  images  are  formed.  The  spaces  thus  left 
without  light  are  the  dark  lines. 

It  is  not  diflScult,  then,  to  see  on  what  conditions  the 
visibility  of  the  dark  lines  will  necessarily  depend.  If 
we  could  have  a  slit  which  was  a  true  mathematical 
line,  every  dark  space  would  be  present  in  the  screen, 
even  though  the  dispersive  power  were  small.  But,  as 
a  matter  of  fact,  the  slit  has  a  definite  breadth,  however 
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narrow  we  may  make  it.  Now,  suppose  that  a  b  o 
(fig.  26)  represents  a  small  part  of  the  Bolar  «|>ectniai 
as  shown  on  the  screen  in  fig.  25,  but  that  the  true 
nature  of  this  part  of  the  solar  spectrum'  is  shown  in 
the  narrow  band  a  &  c,  so  that  in  reality-  cunlight  has 
no  rajs  whose  refrangibility  corresponds  to  the  band  at 
b.  Suppose,  further,  that  the  aperture  of  the  slit  ii 
equal  in  width  to  this  band  b.  Then  the  light  corre- 
sponding to  the  extreme  limits  of  the  light  laa  b  r,  will 
form  the  two  images  of  the  slit  shown  at  b;  these 
images  will  meet,  and  no  abeoluteljr  black  line  will  be. 

Fio.  9e.  Ft«.  17. 


seen.  There  «'iU,  however,  be  a  dusky  band,  darkest 
down  the  middle,  and  twice  as  broad  as  tiie  true  band 
b.  But  miw  consider  the  effects  of  an  increase  of  dis- 
persive poner.  Say  we  double  the  length  of  the  spec- 
trum, or  rather  of  the  particular  part  shown  in  figs.  26 
and  27,  Then  the  parts  a  b  c  of  the  real  solar  si)ectruni 
will  all  be  iluubled  in  length,  and  in  the  observed  Bol&r 
s|»ectnim  the  light  corresi»nding  to  the  extreme  limits 
of  the  band  b  will  produce  the  two  images  of  the  slit 

•  Thp  triB  nnture  of  the  Boliir  spMtniDi  mnj  be  lepaiei  u  llmt 
cnnvipotiding  in  ihc  imngiiiBTy  ouo  of  a  (lit,  whidi  Bliould  be  ■  tnw 
nmtbcmilic&l  Irnr,  and  iif  a  bsctrry  at  priinis  vbich  ahould  csqh  no 
optical  fautU  wbftlever,  inaonmrli  that  the  imige  of  the  >lit  fur  nj> 
~  any  opiti  of  refnngibillly  iruuld  alao  be  a  mathEmatical  line. 
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lihown  at  b  and  B^,  but  these  will  be  no  wider  than  be- 
fore, and  will  be  separated  by  a  really  black  band,  half 
as  wide  as  b.  This  band  will  be  bordered  by  a  penum- 
bral  fringe  whose  boundaries  are  indicated  by  the  dotted 
KneSy  the  whole  breadth  from  dotted  line  to  dotted 
fine  being  half  as  great  again  as  that  of  the  band  h. 

The  reader  will,  therefore,  at  once  see  the  importance 
of  increasing  the  dispersive  power  of  our  battery  of 
prisms ;  since  in  this  way  very  fine  lines  which  might 
otherwise  escape  detection  can  be  rendered  visible. 
Also,  it  is  obvious  that  two  lines  very  close  together 
would  be  shown  as  one  with  a  certain  amount  of  dis- 
persive power,  while  with  more  dispersive  power  they 
would  be  clearly  separated.     Yet  once  more,  a  line  in 
the  solar  spectrum  which  seemed  to  coincide,  without 
being  really  coincident,  with  the  bright  line  of  some 
metallic  spectrum  (brought  into  comparison  with  the 
Sun's  in  the  manner  referred  to  above)  might,  by  in- 
crease of  dispersive  power,  be  removed  appreciably  from 
its  supposed  counterpart. 

So  far,  then,  as  the  direct  examination  of  the  solar 
spectrum  is  concerned,  we  must  aim  specially  at  the 
means  of  increasing  dispersion.  It  will  be  seen,  also, 
further  on,  that  in  two  highly  important  applications  of 
the  analysis — viz.  to  the  examination  of  the  promi- 
nences, and  to  the  recognition  of  motions  of  approach  or 
recess  due  to  solar  cyclones — great  dispersion  is  the 
chief  point  to  be  secured  by  the  spectroscopist. 

But  fisT-  24  shows  that  certain  difficulties  have  to 
be  encountered  in  securing  great  dispersion.    Only  the 
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part  of  the  spectrum  near  g  has  been  formed  (in  the 
illustrated  in  that  figure )  hy  rays  which  have  gone  e 
metrically  through  the  battery  of  prisms.  The 
forming  the  part  near  v  have  gone  through  the  midd]< 
of  prism  1 ,  and  come  out  near  the  base  of  prism  4  ;  while 
thoae  forming  the  part  R  passing  also  through  the  middle] 
of  prism  1,  come  out  near  the  vertex  of  prism  4.  Kow,: 
optical  considerations  render  it  essential,  or  at  leastex-! 
tremely  important  as  far  as  the  clear  definition  of  the^ 
lines  is  concerned,  that  each  part  of  the  spectrum  shoidd 
be  formed  by  rays  which  have  gone  synunetrically  round 
such  a  battery  as  is  shown  in  fig.  24,"  Furthermore, 
when  the  disjiersion  is  very  great  only  a  portion  of  the 
spectrum  will  be  foriueU  at  all  (some  at  either  extre- 
mity falling  outside  the  last  prism — beyond  apex  and 
base)  when  the  prisms  occupy  a  fixed  position.  TheOi 
again,  when  the  light  has  been  bent  round  a  nearly 

■  Th«  point  to  be  swtind  is  ttmt  tho  ravs  farming  an;  put  of  tb* 
■pectrnm  under  viaminMtou  ihould  pus  into  snd  oat  of  mch  prism 
>t  eqiut  Bnglw  (u  the  light,  fonning  the  part  q  of  tb«  ■pectmm  is 
tg.  !U  doM).  It  mnj  be  shown  thai  in  this  caae  IhoM  special  taji 
ptM  with  least  pa«ibl«  ddTJaliao  through  each  prism,  so  that  ths 
condition  ia  generally  called  that  of  niiiiRiiini  dmalioH.  Bat  miniinniB 
deriation  per  k  has  no  sdraatagcs,  and,  as  a  matter  of  fact,  the  rt«l 
Eonditiun  se«n>¥d  bv  this  arrangement  is  that  the  prinuuy  and 
sscondaij  foci  of  emergent  pencils  an  ■■  nearly  as  poseible  coincident; 
aa  that,  though  the  image  of  the  slit  fbrawd  b;  those  special  rajt  la 
not  fbrmsd  by  aWlnte  point*  of  light,  it  is  fanned  bj  dreln  (lechiu- 
cmllj  called  'dreles  of  least  Nnfiuioo*)  haritig  the  smalleM  povibla 
diaBu4«r.  In  a  paper  in  the  SlonfUy  Solicrt  of  Ike  ^sfrPnosMcai 
Saeiitf,  ni.  m..  I  hare  ahoini  that  the  circle  of  least  co&fnaioc  haa 
in  this  case  a  definite,  (bough  eiceedingij  minute  diameter,  eren  ta  tha 
case  of  a  ringle  priam.  The  matheniatical  eipreaaion  for  the  radioa  of 
this  circle  is  given  in  (hat  paper,  bat  is  somewhat  too  complex  (o  b* . 
repeated  with  advanlage  ii 


Let  us  con»i<lt:r  huw  these  ditHuulties  have  been  nr 
may  be  encountered. 

We  owe  to  Mr.  Browning  the  invention  of  a  moat 
iogenious  plan  by  vbich,  whatever  part  of  the  solar 
spectrum   ia   etudied,  the   battery  of  prienis  will  be 

^^roperly  adjusted.  In  his  automatic  spectroscope  he 
attaches  to  each  prism  a  slotted  bar,  as  shown  iti 
fig.  29.  All  the  slots  pass  over  a  central  iiivot,  and  the 
s  are  attached  at  their  angles  as  shown.     Hence 
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thcT  must  necessarily  be  at  nil  times  Brmnietrlcally 
)ilacetl ;  ^t>  thnt  if  I  l>c  fixc<l  and  mntinn  be  rommiini- 
eat«d  to  4,  tlien  2  and  3  will  move,  each  in  its  piDjier 
degree,  and  atl  four  will  preserve  tlieir  proper  relative 
]>ogitions.  In  Bmwnin^'s  spectroscope  there  are  six 
such  prianiB,  and  the  light  emerging  from  the  sixth 
pasees  just  clear  of  1. 

I  have  su^este<l  a  modification,  b_v  which  nntv  ft 
comer  of  the  first  prism  is  fixed,  as  at  fig.  30,  and  this 


prism  is  automatically  adjusted  like  the  rest, — a  fixed 
slot*  i)'  square  to  the  path  of  the  incident  light  guid- 
ing the  motion  of  this  prism  ac<?ording  to  the  reijiiired 
law.  In  like  manner  I  have  suggested  that  the  view- 
ing telescope  should  be  guided  on  the  same  principle 
of  automatic  motion." 

■  This  nmmgpnieiit  mnit  he  ri-gvdpd  «>  onlj  one  oat  of  »pventl 
muditiratinns  of  irhii'h  Mr,  Brovming'a  ingrnioiu  plnn  aitmils.  It  U 
doubtIe»  lluB  modiflnition  which  aluna  ntiafipt  the  niadilioDt  nini*^ 
■t;  and  tliis  nrmmsbitice  randen  it  nil  the  took  CTident  thkt  it  Bhuuld 
be  regardcit  kk  Jmiilicittj  coDlainMt  in  Mr.  Brovning's  plan.  Kolhiitg 
ii  flHiipT  thiD  to  dcviM  tnodificBtions,  und  vrcn  (bb  ip  tlii>  instancr) 
improrcmPiil*  on  thi>  plaui  uf  otliprs.  But  no  sepnrate  ana  can 
fiui^j  bf>  claimed  under  snrh  cinnuoBtJiniTe.  In  ibis  special  initance, 
lor  rasmple,  1  nhould  not  hum  lamed  mj  thought*  tovsnlB  the 
problem  nf  ncuring  thf  conditione  of  minimum  derialion  for  all  n^s, 
but  tor  the  JQl^rpst  I  took  in  Mr.  Browning's  plan.  So  Boon  w  he  hid 
Trad   the  paper  deHcribiog  his  plan,  before  the  Roy*l  Aitronomical 
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So  far  as  clearness  of  definition  and  the  satisfactoiy  1 
study  of  tlie  whole  length  of  the  speclnirn  are  concerned, 
lliis  armagement  leaves  nothing  to  be  deaired.  But 
fw  a  yet  greater  increase  of  the  spectrum's  lenglh  more 
i»  needed.  We  have  reached  the  limits  of  dispersion 
»liicli  one  circular  battery  can  give  ;  but  it  would  be 
(ieainble  to  obtain  a  yet  greater  dispersion. 

One  way  in  which  this  can  be  done  is  by  the  use  of 
*halare  called  direct-vision  prisms.  In  these,  two  flint- 
glusi  prisins  (f  y)  arc  combinei),  as  shown  in  fig,  31, 
ith  three  crown-glass  prisma.     The  prisms  c  cause 


'■•'nation  and  dispersion  in  one  direction ;  the  prisms  E 
cause  equal  deviation  and  more  dispersion  in  tb#l 
""ilrary  direction.  Hence  reauita  a  balance  of  dl»-l 
l^raion  witlioiit  deviation  ;  and  if  we  add  such  a  prisiftl 
^' My  battery  of  prisma,  we  get  all  the  advantage  of  the  1 
''"pcreion  without  increasing  the  deviation  which  hadl 
(wen  our  difficulty. 

Sw'lj,  I  foU  ilml  hi*  mMhod  involved  the  cr>mp1pt«  ioUition  of  the 
'"IRtnlt}'.  He  is  DuW  CDDAtnu.'Ting  an  iiucamatic  ■pi^rr'ncope.  in  which 
'k*  modiflntliaa^  1  hare  suggested  have  been  intmiutoi! ;  and  ti> 
ronplelo  suewns  depends  on!j  on  tho  oinclneaB  with  which  tho  mo- 
rbinical  hdJ  optictU  rrlsliauB  srv  falfilli-d,  ibere  cun  he  an  doubt  of  the 
iwbIi,  for  rigid  luxamrj  i«  a  uhftfiwteriiitic  fwitur*  of  all  Mr,  Browning's 
wiqA.  LeX  ll  be  uiidoFstood  clearlf  ttlat  if  I  hnv-e  any  merit  in  tlie 
nil,  it  canaiita  in  pointiog  not  iwo  uimnticed  gnoil  qufditii 
'Dinf'i  own  plan.     Uudillod  oc  not.  the  plan  it  ultcguilier  his. 
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Yet  there  is  one  importaut  disadvantage  in  dircct- 
TistoQ  prisms,  more  especially  when  they  ore  employed 
iu  researches  requiring  very  neat  and  exact  deGiiition: 
it  is,  of  course,  wholly  impossible  to  employ  any  method 
for  securing  minimum  deviation. 

A  plan  by  whieh  the  dispersion  in  a  battery  of 
prisms  may  be  doubled,  falls  nest  to  be  considered. 
Supposing  A  and  B  (fig.  32)  to  be  two  of  the  ordinary 
triangular  prisms  and  C  a  right-angled  prism  hulf  tlie 
size  of  the  others,  then  the  rays  which  fall  on  i'  D  arc 
reflected  back  again  through  the  battery.     I  need  not 


here  dcscril>e  the  coDtrivance  by  which  the 
pencil  can  be  viewed  in  such  a  case  by  &  tdeacopc 
in  which  there  is  a  totally  reflecting  prism  sending  the 
light  out  at  right  angles  to  the  axis  of  the  tube. 
According  to  another  arrangement,  in  place  of  bucIi  a 
prism  as  c,  one  is  employed  which  by  two  total  reflec- 
tions ruses  the  rays  to  a  higher  level,  so  that  (tbe 
prisms  of  the  battery  being  twice  as  high  as  tuaal) 
thelight  returns  by  a  separate  course. 

I  have  devised  a  plan  by  which  a  much  grent«f 
diBpersion  than  hag  ever  yet  been  gained  may  be  oom- 
bined  with  a  perfectly  true  automatic  adjusti 


AKALYSING  SVMIOIIT. 


'39   I 


Fiupuis  of  the  epectrum.  In  this  plan  Mr.  Browning's 
automatic  method  is  extended  to  a  eecond  battery, 
while  the  plan  for  returning  the  rays,  illuHtrated  in 
fig.  33,  b  employed  in  such  sort  as  to  double  the  dis- 
perave  power  of  the  double  battery.  Fig.  33  shows 
tbe  armngement  of  the  two  batteries,  a  B  la  the 
Kghl  incident  on  the  first  battery,  and  the  courae  of  the 
light  can  he  traced  by  the  triple  set  of  lines  through  the 


double  set  of  prisms,  the  dotted  return  lines  showing 
tlie  course  of  the  return  rays  to  emergence  at  c  c'.  It 
will  be  seen  that  thd  large  intermediate  prism  p  e  may 
be  r^arded  as  belonging  to  both  batteries,  There  is  no 
loES  of  light  in  passing  from  one  battery  to  the  other, 
since  the  reflection  at  dd'  is  total.  The  close  double 
lines  show  the  direction  of  the  slotted  bars,  E  v  being 
a  long  slotted  bar  kept  square  to  the  rays  leaving  the   i 
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!  of  the  equality  of  G  F   and  i 
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(Il  pivots  round  e  and  sloU  at  F.)*  The  figure  sliow§ 
the  arrangement  of  a  Imttery  having  an  effective  dis- 
persing power  equal  to  that  of  nineteen  equilateral 
])risms  of  heavy  flint-glass.f 

It  must  be  remembered  that  what  the  spectroscope 
really  does  is  to  give  a  range  of  pictures  of  whatCTcr 


luminous  objeet  or  part  of  an  object  would  be  visible 
through  the  slit  if  the  spectroscope  were  removed. 

■  It  i«  Dot  iroprobable  that  tx'fiire  thnr  liasi  nre  read  an  initnuneiit 
on  this  plan  will  hare  b«eii  cotwlmcted  by  Hi.  Brcnrniog.  lo  vbinD  1 
have  Bobmiltiid  Ihe  proposal.  I  cHunut  but  think  that  if  the  mechaui- 
otl  and  optical  difficaltiea  which  the  plan  inrolTtia  can  ba  OTermma 
(and  if  be  cannot  orrriroine  them  I  know  not  vho  chd).  such  ■&  initrn- 
mant  will  prove  of  ™n§iderablo  Bprvico  in  rpapHivhrs  into  solar  phvaio. 
It  will  bo  seen  ibat  the  plan  ia  onl;  arailable  wheiv  vvij  strong  light  i« 
to  be  analysed.  But  in  dealing  wiih  the  Siin  this  coneidentlioD  inlni- 
du«B  no  new  difficulty. 

t  The  double  battery  is  rpprGsenlcd  in  aboat  the  position  mrrMpand- 
ing  to  minimum  deviatioa  for  the  line  o  in  tbe  indigu :  and  as  (he  half 
prism  can  1>e  mndp  to  pHss  orerthe  slot  al  y,  the  aiitomntic  motion  can 
bo  carried  on  till  the  vinible  Pitreniily  of  the  apectrnm  ttiwarda  the 
violet  ii  reached.  Of  course,  in  examining  the  red  raya,  ths  bMIrritu 
open  out,  and  there  is  no  limit  (except  the  length  of  (be  eloI»)  lo  motion 
in  that  dirrclioii,  so  that  the  red  extremity  of  lbs  speclnun  can  be 
uverpaued  if  nerd  be.  Motion  ii  communicated  to  the  intannediate 
prism  D  »'.  by  which  means  the  range  of  the  automatic  action  is  divirled, 
and  greater  truth  of  working  secured. 
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NoWj  supposing  such  a  portion  of  the  solar  photo- 

•pihere  is  observed  as  is  shown  in  the  space  b  8\  fig.  34 

(ft  being  the  solar  disc),  the  images  of  this  portion  will 

give  Qs  the  spectrum  R  y,  showing  the  dark  lines  due 

to  the  absence  of  certain  images  as  explained  above ; 

ud  no  other  portion  of  the  disc  produces  any  effect  what- 

ner.    It  is  very  essential  to  remember  this.     We  are 

in  fact  analysing  under  such  circumstances  the  paft 

<  /  of  the  disc,  and  no  other  part. 
If  a  spot  or  a  facula  be  crossed  by  5  «^,  then  the 

spectrum  we  get  is  no  longer  that  of  a  uniformly,  or 

Fio.  3o. 


u' 


s' 


almost  uniformly,  bright  part  of  the  solar  disc.     If  «  «' 

f  fig.  35)  represent  an  enlarged  view  of  the  spot  and  the 

space  included  by  the  slit,  then  this  last,  seen  separately, 

^ill  be  as  s  s' ;  and  the  spectrum  will  consist  of  a 

number  of  images  of  8  s^  ranged  side  by  side,  so  as  to 

form  a  strip,  as  k  v  in  fig.  34.     Hence  at  the  top  and 

bottom  of  this  compound  spectrum  there  will  be  two 

narrow  solar  spectra  corresponding  to  the  parts  8  r  and 

s'  p' ;  next  to  these  will  be  two  narrow  spectra  of  the 

penumbral  parts  p  u  and  p'  u' ;  and  about  the  middle 

a    narrow    8i)ectrum    corresponding    to    the    umbral 
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part  u  u',  all  iheae  spectra  forming  one  compouii 
Bpectrum,  whose  red  end  is  towards  the  left  (aa?Dtni)i| 
the  dispersion  to  be  as  in  the  case  illustrated  iu  fig.  34^ 
and  its  violet  end  towards  the  right.  The  nature  ol 
the  peniimbral  and  umbral  spectra  will  b«  stated 
further  on.  It  ia  by  comparing  these  spectra  with  the 
adjacent  solar  spectra  that  the  spec t rose opist  is  enabled 
to  form  an  opinion  as  to  the  nature  of  the  spots,  and  to 
make  inferences  as  to  the  general  physical  constitatit* 
of  the  Sun. 

Similar  remarks  apply  to  the  case  where  a  portion 
of  facula,  or  pores,  or  niotllings,  or  any  other  featui 
of  the  solar  disc,  fall  within  the  space  «  /.  All  suck 
peculiarities  tend  to  produce  peculiarities  in  the  rraiiU' 
in g  compound  spectrum;  since  the  image  of  thepoT- 
ti()n  s  /  is  repealed  along  the  whole  length  of  ths 
spectrum  R  v  after  the  fashion  already  described. 

But,  having  considered  these  comparatively  siinplt 
cases,  let  ua  deal  with  the  subject  which  has  of  lattj 
attracted  so  much  attention — the  %-isibility  of  the 
trum  of  the  prominences  when  the  Sun  is  not  ecli| 
Further  on  the  exact  nature  of  the  prominence  spec*' 
trum  will  be  considered;  but  in  this  place  I  note  only 
respecting  it  that  it  consists  of  bright  lines. 

Now,  suppose  that  P  P*  is  a  prominence,  8  8* 
edge  of  the  Sun,  and  t  **  the  space  included  by 
slit.  Then  /('  «',  as  in  the  former  cases,  produces 
solar  spectrum  (which,  however,  commonly  present 
certain  peculiarities  wlien  belonging  to  the  edge  of 
Sun's  disc);   the  part  p  ;/ includes  a  [wrtioH  of 
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■Mnnence,  and  gives  a  prommence-spectrum  which 

l«  VMS    suppose  to  be  represeuted  by  the  bright  lines 

ktc  mnd  F  and  near  D.     But  it  will  also  give  a  solar 

t(tctrum,  for  tlie  light  of  our  own  illuminated  air  comes 

Inm  the   space  included  within  the  elit  (  / ;  and  as 

WT  lir  is  illuminated  by  solnr  light,  it  produces  {accord- 

l  iigtunile  4,  page  128)  a  solar  spectrum.  Also  the  part 

ijtwilt  give  a  solar  spectrum  due  tn  the  illuminated 

i|  lir.  Now.  the  prominence  V  v'  is  absolutely  obliterated 

fran  view   by  the  illuminated  air,  which  extends  all 

nruiid{«nd  over,  be  it  remembered)  the  place  of  the 

Son.  Since,  then,  if  we  looked  at  the  apace  <  «'  alone, 

i rin.  38, 


•illi  whatever  telescopic  power,  and  with  whatever 
coulrivances  for  reilucing  the  glare  of  light,  the  \mv- 
tionpy  of  the  prominence  P  P'  would  be  wholly  in- 
vwible  to  us,  ichy,  it  may  be  asked,  should  the  lines  c, 
P.  Mid  the  one  near  D^which  are  in  truth  but  coloured 
images  of  the  part  p  p' — be  visilde,  although  the  spec- 
trum of  the  illuminated  air  falling  within  s  p'  is  spread 
i»ver  these  lines  precisely  as  the  illuminated  air  is 
itself  spread  over  the  prominence?  The  answer  is 
easy.  The  whole  of  the  light  of  the  illuminated  air 
within  the  small  space  *  p'  is  spread  over  the  large 
i^Mtce  shaded  with  cross  lines  in  fig.  36,  and  is  reduced 
Intrinsic  brightness   in    corresponding  proportion. 
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()d  the  other  hxttA,  the  light  of  the  promineocc-matti 
williin  p  p'  U  i>]>reiul  unlr  over  tlie  three  lineti  ehowo  n 
the  figure  (ttiid  a  few  fainter  onee),  and  U  titerefu 
propiirtiotiately  but  very  little  reduced.  Hence  if  i 
only  h&ve  enough  dispersire  power,  we  can  m&ke  Rur 
of  rendering  the  promineDce-lines  ™ib!e,  for  we  { 
the  Name  Imuinoeity  for  them  whatever  the  length 
the  spectrum,  the  only  effect  of  an  increase  of  length 
being  to  throw  the  bright  lines  farther  apart;  whereai 
the  atmospheric  spectrum  which  forma  the  backgroui 
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will  obviounly  be  so  much  the  faiuter  as  we  spread  its 
light  over  a  longer  rnnge. 

By  thiH  pinn  we  get  a  certHin  number  of  images  of  a 
]Kirtion  of  a  pniminence— a  mere  strip  so  to  s]>eak  :  and 
we  can  get  any  number  of  such  portions,  and  in  ouy 
direction  as  comjmred  with  the  Sun's  limb.  For  eat- 
ftinpte,  if  P  s'  (fig.  37)  be  the  Sun's  limb,  p  p'  a  promi- 
nouoe,  we  can  get  from  such  a  strip  as  s  s'  the  spec- 
trum R  V.  And  obviously  since  the  length  of  the  bright 
lines  tell  us  the  length  of  the  part  p  //  in  figs.  36  and 
37,  we  can,  by  combining  a  number  of  such  parallel 


Bunence  P  P*. 

But  the  plan  can  be  applied  to  show  the  whole  of  a 
ponunrace.  For  let  us  suppose  that  in  place  of  a 
umyw  strip  as  s  i',  in  figs.  36  and  37,  we  have  a  space 
neh  as  is  shown  in  fig.  38,  through  which,  but  for  the 
bleoKe  brightness  of  the  illuminated  air,  the  prominence 
PF*  would  be  visible.  Then  the  part  s  s'  of  the  Sun 
win  produce  a  solar  Bpeotrura — altogether  impure,  of 
course,  on  account  of  the  great  width  of  s  s',  and 
blighter  than  the  solar  spectrum  produced  by  *'  p'  in 
the  case  illustrated  by  fig,  36  in  precisely  the  projmr- 
OOQ  that  8  s'  in  fig.  38  ia  greater  than  a'  p'  in  fig.  36. 


■^M. 


'Ui  the  remainder  of  the  space,  including  the  promi- 
nence P  p",  will  give  an  impure  solar  spectrum  due  to 
llie  illuminated  air,  and  very  much  brighter  than  in 
tbe  cases  illustrated  in  figs.  36  and  37,  because  so  much 
mors  of  this  light  is  admitted  through  the  open  slit. 
Ibree  coloured  images  will  be  formed  of  the  promi- 
nencea  (other  fainter  ones  need  not  be  considered), 
one  red  at  c,  one  orange  near  d,  the  other  greenish- 
bine  near  f.  These  images  will  be  as  bright  (neglect- 
ing variations  in  the  intrinsic  brilliancy  of  the  promi- 
Dence)  as  the  corresponding  lines  in  the  cases  illus- 
trated by  figs.  36  and  37  ;  but  they  will  of  course  not 
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be  BO  well  8een,,8ince  the  background,  as  I  have  said 
will  be  very  much  brighter  than  in  those  cases.  Thej 
can  be  made  as  conspicuous  only  by  an  increase  a 
dispersive  power ;  hence  the  importance  of  construct 
ing  prismatic  batteries  of  great  dispersive  power. 

In  connection  with  this  [wrtion  of  ray  subject 
b  necessary  to  remnrk  that  the  bright  lines  se 
in  the  prominence-spectrum  are  not  uniformly  widt 
throughout,  but  commonly  are  wider  close  to 
Sun's  limb.  This  circumstance  will  be  referred  tfl 
more  at  length  ftirtlier  on ;  but  it  is  proper  to  state  ii 
this  place,  that  this  increase  of  width  is  held  to  in- 
dicate an  increase  of  pressure,  because  the  researche€ 
of  Plucker,  Hittorf,  Huggins,  and  Frankland  have 
shown  that  the  spectral  lines  of  hydrogen  grow  wider 
as  the  pressure  at  which  the  gas  exists  is  increased. 

And  now,  lastly,  it  remains  that  I  should  explun' 
what  has  been  justly  regarded  as  the  most  wonderful  of 
all  applications  of  the  powers  of  spectroscopic  analysis 
— the  measurement  of  the  velocity  of  recess  or  approack 
of  stars,  or  other  self-luminous  objects  moving  with  very 
great  rapidity. 

Reverting  to  fig.  21,  the  reader  will  see  that  the 
violet  rays  are  most  affected  by  their  passage  through 
tlie  prism,  the  red  rays  least.  Now,  it  has  been  demon- 
strated by  the  careful  mathematical  analysis  '  of  the 

•  I  rofiT  hpre  to  tlio  iiiTestigatioiiB  of  Cauchy,  and  Baden  Powell, 
others  {sec  speci&ll;  Cam^by'i  JVfsmoirr  rar!a  Diepcriion),  not.  of  cot 
to  Che  proof  tbst  when  the  diffotrncM  of  F«lociIy  arc  admiKed,  difl^ncM 
of  refrangibilitj  ale  acconnted  for.  The  laCtw  m&j-  be  regarded  in  &at 
as  self  ■evident 
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motions  of  light-waves  that  this  difference  of  refrangi- 
Irility  is  due  to  the  different  velocities  with  which  the 
longer  light-waves  forming  red  light,  and  the  shorter 
light-waves  forming  violet  light,  travel  (respectively) 
llirough  material  media.*     The  shorter  waves  travel 
more  slowly  than  the  long  ones,  and  the  difference  is 
tlie  greater  according  to  the  density  (or  approach  to 
opacity)  of  the  medium.     So  that,  in  fine,  the  part  of 
the  spectrum  formed  by  light  of  any  order  depends  on 
the  wave-length  of  that  light;  and  if  under  any  cir- 
cumstances the  wave-length  could  be  altered,  then  the 
light  of  that  order  would  no  longer  occupy  the  same 
portion  of  the  spectrum,  but  would  pass  nearer  to  the 
violet  end  if  the  waves  were  shortened,  and  nearer  to 
the  red  end  if  they  were  lengthened. 

Now,  so  far  as  we  know,  it  never  happens  that  light- 
waves of  a  certain  length  are  really  modified.  Pre- 
cisely as  waves  of  a  certain  breadth  propagated  along 
a  canal  are  not  found  to  change  their  breadth  as  they 
proceed,  or,  again,  precisely  as  a  sound  of  a  certain  tone 
does  not  change  in  tone  as  it  travels  onw  ards,  so  light- 
waves of  a  certain  length  or  order  do  not  as  they  travel 
through  ether,  or  through  material  media,  become 
changed  into  lifijht-waves  of  some  other  order,  t 

*  In  the  ether  of  space  they  travel  of  course  with  appreciably  equal 
velocities ;  otherwise  the  satellites  of  Jupiter,  after  emerging  from 
eclipse,  would  show  the  same  clianges  of  colour  that  we  see  in  a  metal 
heated  from  a  red  to  a  white  heat. 

t  I  have  sometimes  been  inclined  to  suspect,  however,  that  under 
certain  circumstances  of  excessive  agitation  within  the  substance  of  the 
source  of  light,  the  wave-length  might  be  altered,  precisely  as  waves 
travelling  along  a  canal  might  be  modified  in  length  by  the  action  of 

L  2 
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But  there  is  a  circunistance  which  may  cause  the 
lightr-waves  to  appear  to  change  in  length.  Siipp08ing> 
the  source  of  light  is  approaching  or  receding  at  r  very 
rapid  rate — :at  a  rate  which  bears  an  appreciable  propor- 
tion to  that  of  light — then  the  length  of  the  light-wavea 
must  needs  appear  modified — shortened  when  the  source 
of  light  is  approaching,  lengthened  when  it  ia  receding. 
The  same  will  also  hold  if  the  observer  be  carried  very 
rapidly  towards  or  from  the  source  of  light.  To  see 
that  this  is  so,  it  is  only  necessary  to  consider  that 
more  light-waves  must  necessarily  reach  the  observer 
in  a  given  time  when  the  source  of  light  is  approach- 
ing, than  when  it  is  at  rest  (with  respect  to  him),  and 
fewer  when  it  is  receding.  They  must  then  in  one 
case  succeed  each  other  more  rapidly,  and  so  seem  to 
be  separated  by  shorter  intervals,  while  in  tlie  other' 
they  must  succeed  each  other  more  slowly,  and  so  seem 
to  be  separated  by  longer  intervals,* 

the  cause  which  gnre  them  birth.  When  we  know  thnt  theclineof  Uw 
promiiitMiees  has  been  obserred  to  bp  Iranquil,  while  th«  t  line  hu 
been  broken,  the  idcii  is  ci'rlainlj  au^ested  that  those  niolecolftr  m^ 
Idons  within  the  aubstanf;  of  (he  hydrr^a  of  the  promiDeocee,  which 
prodnce  that  part  of  the  tight  corresponding  to  the  r  line,  amy  bf 
totat  riulcDt  action  ba  so  far  modiSed  tliat  the  ohBerved  disturbance  of 
the  wai-e-Iength  correspunding  to  thiLt  particular  Una  may  be  brmi^t 
kbont.  It  seeias  difGcuJt  to  iin<lerat&nd  bov,  under  anj  other  cii«iim< 
aUnces,  one  line  of  the  hjdrogea  should  be  undistorted,  while  tli«  other 
ia,  to  use  ProfosBor  Young's  description,  '  ubeolutelj  shnltered.' 

■  Theprinciplp  on  which  this  brief  but  sufficient  eiplanationdependi 
admita  of  Bcreral  illustrations.  I  do  not  know  of  anj  which  mora 
dsarlj  exhibits  the  true  natore  of  the  priociple  than  one  which  I  em- 
ployed in  the  first  mutter  I  erer  wrote  for  publication,  a  pap«r  on  '  The 
Colonra  of  the  Donblr  Slan,'  which  appeared  in  the  ConiiO  for  D*. 
cember,  1S63,  I  quote  the  portion  Kttsnvd  to; — '  Let  the  readei  uoagiiie 
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Now,  Doppler,  who  first  called  attention  to  this  cir- 
cumstance, supposed  that  an  alteration  of  colour  would 

lumaelf  on  the  bank  of  a  canal,  observing  a  series  of  waves  uniformly 
propagated  along  the  stream.  ...  A  very  simple  method  will  suffice 
to  determine  the  breadth  of  the  waves  with  any  required  degree  of 
Kctincy.  Let  the  observer,  fixing  his  eye  on  a  certain  wave,  walk  any 
metsored  distance  (say  100  yards)  at  the  same  rate  as  the  wave  is  mov- 
ing. Suppose  he  accomplishes  this  distance  in  65  seconds.  He  knows 
then  that  the  velocity  of  transmission  of  the  waves  is  100  yards  in  65 
Efconds.  Let  him  now,  standing  still  for  65  seconds,  count  the  number  of 
cmta  that  pass  him  in  that  time.  Suppose  360  pass  him.  Then,  from 
his  first  observation,  he  knows  that  the  first  which  passed  him  has 
tr&relled  100  yards  from  him.  Within  that  distance  all  the  360 
vavet  are  uniformly  distributed.  Thus  the  breadth  of  each  is  1 -360th 
part  of  100  yards,  or  ten  inches.  This  result  is  perfectly  reliable  if, 
during  his  second  observation,  his  position  on  the  bank  has  been  un- 
changed. But  let  us  imagine  that  he  has  made  this  observation  from  a 
truck--on  rails  by  the  canal's  edge — and  that,  unnoticed  by  him,  the 
truck  has  glided  uniformly  along  the  rails.  First,  suppose  that  this 
motion  has  taken  place  in  a  direction  contrary  to  that  of  the  waves, 
and  that  while  he  is  counting  the  passing  crests  the  truck  glides  a  dis- 
taiKe  of  20  yards.  It  is  evident  that  when  the  last  wave  pisses  him,  the 
ftrst  is  120  yards,  instead  of  100,  from  him.  Thus  the  360  waves  are  dis- 
tribntcd  over  120  yards,  and  the  true  breadth  of  each  is  I -360th  part  of 
120  yards,  or  12  inches.  If,  on  the  other  hand,  the  truck  had  moved  over 
20yanls  in  the  same  direction  as  the  waves,  it  is  equally  obvious  that 
the  360  waves  would  be  distributed  over  only  80  yards,  and  the  breadth 
'>f  each  would  be  only  8  inches.  Similarly,  at  whatever  rate  the  truck 
DJOTes,  it  is  evident  that  the  observer  can  no  longer  depend  on  the 
'^wilt  of  his  observations.  If  it  moves  in  a  direction  opposite  to  that  in 
^hich  the  waves  travel,  they  appear  narrower ;  if  it  travel  with  them 
they  appear  broader  tlian  they  really  are.  Indeed,  it  is  not  difficult  to 
conceive  the  truck  to  move  in  the  same  direction  and  at  the  same  rate 
M  the  waves  travel,  in  which  case  (if  we  could  suppose  the  observer  to 
PHDain  unconscious  of  that  motion)  all  undulation  would  appear  to  him 
to  hare  ceased,  and  the  water  to  have  a  waved  bat  unmoving  surface.' 

This  account  illustrates  in  a  very  direct  (and  I  think  effective)  man- 
ner the  effect  of  the  approach  or  recess  of  a  source  of  light.  Wo  see 
that  the  effect  depends  on  the  ratio  which  the  v«docity  of  apprf)ach  or  re- 
«aj  bears  to  the  velocity  with  which  the  waves  travel.  It  will  be  seen 
at  once  that  equal  velocities  of  approach  and  recess  produce  equal  but  not 
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result;  and  this  would,  in  fact,  be  the  cose  (though  the 
alteration  would  under  any  conceivable  conditions,  be 
wholly  inappreciable)  if  the  source  of  light  emitted 
raya  of  a  certain  order  only.  But  in  the  case  ot 
Buch  a  source  of  light  as  a  star—  or  the  Sun — no  change 
of  colour  cauld  be  produced,  because  though — to 
take  the  case  of  approach — the  red  light  would  be 
shined  towards  the  orange,  while  a  portion  of  the 
violet  would  disappear,  yet  beat  raya  from  beyond  the 
red  end  would  become  ^-isible  aa  red  rays  through  bein^ 
shortened,  and  so  the  spectrum  would  be  complete 
before.     A  similar  result  would  follow  in  the   case  of 


But  the  presence  of  dark  lines  in  a  spectrum  gives 
the  observer  a  far  more  effective  means  than  mere 
change  of  colour  would  supply  of  determining  the 
approach  or  recession  of  a  source  of  light.     If  » 

eomsponding  eSgeta.  Fur,  by  the  snppoaed  Telocity  of  20  jvrdi  in 
6S  Rscontls.  the  length  oi  the  wuvee  ia  iDcreased  or  dimiDiBhed  bj  twV 
inches,  but  ihe  inpreaae  la  only  in  Ihe  ratio  of  6  lo  6,  while  the  d«- 
creue  is  in  tho  greater  ratio  of  &  to  4.  Correspodding  lo  thin,  tre  hsT* 
the  fact  that  the  approai^h  of  a  ntsr  at  a  given  rnir  produces  a  grattor 
relativn  effect  on  woTe-leDgths  of  an;  order  Chan  ihc  recess  of  Ihi 
at  the  same  rate  irould  produce. 

Of  conrso.  in  the  intereating  ca»  of  Bteliiir  nppnmoh  or  recosB,  tho  ■ 
problem  is  somewliat  coinplieated  by  (he  Earth's  otd  motion,  whiah . 
doos  not  take  place  in  the  direction  of  the  star,  nor  necessarily  in  tb» 
suiiae  plaap.  The  guccesaful  laeainirenient  of  the  Telocity  with  vhieh 
Sirius  is  receding  from  us  Is  a  problem  of  such  interest  Ibst  I  may  b*  ' 
permitted  to  note  a  very  small  contribntian  of  mine  to  Ihe  work,  in 
the  determination  of  the  fermula  for  eliminating  the  eRects  of  tlie 
Earth's  motion  (v)  vis.— Earth's  motion  towards  et«r  =  c  cos  A  sia  (J-0 
where  I  and  I  are  the  THSpective  longitude)  of  the  star  scd  tJie  Eknb. 
and  A  IB  Ihe  sUr's  Intilude.  The  contribution  has  no  particular  ralue, ' 
but,  such  ns  it  is,  it  chanced  that  1  mnde  it. 
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recognised  dark  line  in  the  spectrum  of  a  star — say,  for 
iostance,  the  F  line — ^is  found  not  to  agree  exactly  in 
position  with  the  corresponding  line  in  the  spectrum  of 
a  fixed  source  of  light — as  a  hydrogen  flame,  for  instance 
—then  the  difference  of  position  must  be  ascribed  to  a 
motion  of  recess  or  approach  on  the  part  of  the  star, 
and  the  rate  of  such  motion  may  be  determined  by 
noticing  the  amount  by  which  the  line  is  displaced. 

Now,  this  method  admits  of  being  applied  under 
exceptionally  favourable  conditions  to  the  examination 
of  solar  cyclonic  motions — if  only  these  motions  are 
sufficiently  rapid  to  fall  within  the  province  of  this 

Fio.  39. 


special  mode  of  research.  For  we  have  in  the  lines 
appertaining  to  parts  of  the  Sun  which  are  rela- 
tively at  rest  the  means  of  determining  very  surely, 
and  measuring  somewhat  exactly,  the  displacement 
due  to  such  motions  as  we  are  considering. 

Let  us  take  as  an  instance  the  case  represented  in 
fig.  39.  Here  s  /,  as  before,  represents  the  portion 
of  the  prominence  p  r'  which  is  under  examination. 
Only  a  small  part  of  the  spectrum  is  shown,  that 
namely,  near  the  f  line ;  and  the  bright  line  of  the 
prominence  which  under  normal  conditions  coincides 
with  the  dark  line  F  of  the  solar  spectrum  is  seen  to 
be  displaced  towards  the  violet.     It  thus  appears  that 


r 


I 


owing  to  a  motion  of  approach  affecting  the  portion  of 
the  prominence  inchided  within  the  narrow  space  s  /, 
the  light-waves  producing  the  f  line  seem  Ehort«ned. 
The  general  fact  of  a  motion  of  approach  is  thus 
tained.  But  the  rate  of  approach  can  also  be  measured; 
for  we  know  ihe  length  of  the  light-waves  correspond- 
ing to  the  line  F,  Van  tier  Willingen  and  Angstrom 
having  independently  determined  the  wave-length 
corresponding  to  the  principal  lines  in  Ihe  solar  spec- 
trum. So  that  if  we  measured  in  any  way  the  dis- 
tance of  the  bright  P  line  of  the  prominence  from  the 
dark  F  line  of  the  solar  spectrum,  we  should  be  able  to 
calculate  the  amount  of  the  apparent  change.  A 
better  plan,  however,  h  available.  For  the  bright 
solar  spectrum  (fig,  39),  as  also  the  atmospheric  spec- 
trum above,  is  crossed  by  other  dark  lines  besides  the 
F  line,  and  these  enable  us  to  see  at  once  how  far 
the  bright  line  has  shifted.  Suppose  /,  for  example,  to 
be  another  dark  line  of  the  solar  spectrum,  and  that 
the  bright  prominence-line  has  moved  half-way  from 
its  proper  place  towards  /,  then  we  know  that  its  wave- 
length is  changed  to  a  value  midway  between  the 
wave-length  corresponding  to  the  lines  F  and  /.*  The 
change  of  value  thus  indicated  gives  us  at  once  the 

*  This  is  true  for  snch  small  diapldceoients  as 
For  grcalcr  dlffi^rences  of   refrangibilitj,  no  Bnch  rimpli 

.  partly  became  tlie  actual  change  of  WRve-longtb  (fc 
differemres  of  refrangibUity)  diminiehpa  townrdB  ths  Tiolet  end,  and 
purtly  on  account  of  Iho  irrationality  of  dispersion  for  all  knowa 
media,  when  the  apect™  thsy  give  is  compared  with  what  &agsUont 
has  called  the  normal  solar  spf  elranL 
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r  rate  of  the  motioti  of  approach  which  afFecte  the  portion 
of  the  prominence-matter  corresponding  to  the  space 
» /* — because,  though  the  wave-length  corresfjonding 
10  the  line  I  will  not  be  inclicated  in  the  tables  of 
Angstrom  or  of  Van  der  Willingen  (which  only  include 
the  principal  lines)  yet  it  is  readily  determinable,  and 
indeed  may  be  regarded  as  a  known  quantity.  And, 
in  a  similar  way,  if  the  line  ia  shifted  towards  the  red 
end.  the  velocity  of  recession  of  the  prominence-matter 
can  readily  be  determined. 

But  OS  a  general  rule  the  whole  line  would  not  be 
chifWl  bodily  as  in  fig.  39 ;  since  indeed  this  would 
imply  that  the  whole  of  that  portion  of  the  prominence 
which  is  seen  within  the  space  s  «'  was  travelling  bodily 
towards  the  observer;  whereas  obviously  such  a 
motion  could  very  seldom  be  expected  to  occur.  Ordi- 
narily, then,  we  may  expect  to  find  a  configuration  of 
the  bright  line  indicating  varieties  of  motion.  The 
same  holds  also  in  the  case  of  portions  of  the  solar 
photosphere,  or  spots,  lying  near  the  edge  of  the  Sun'a 
disc  (so  that  ordinary  cyclonic  motions  within  them 
may  be  capable  of  being  recognised  by  the  method  we 
are  considering),  or  in  the  case  of  more  central  ]>ortiona 
of  the   Sun's   disc  where   ascending   and   descending 

■  The  gpneml  mUs  on  which  Ihe  calimlDlioti  pni««<dH  niv  HufBriomty 
■imple.  .Siippiw«  the  wavd-lenglh  cotTuapoiuliDg  Kn  the  liiif  J  to  be 
4S£  BS  iDilliunlbB  of  a  uUlimetir,  that  corce»i ponding  to  the  Sine  r 
twing  4B4'3S  such  mtllioDthg.  Th«n,  since  the  prominrDCe  F-line 
■ppean  hjJf-THf  betweso  f  and  I,  the  wave-length  has  been  reduced 
IQ  48S'ie  miUionlhs  of  n  mUlimrler,  or  dimiDiebed  bj  03  such  mil- 
liooths.  Hpdm  Ihe  relocity  of  approach  of  the  prominence  matter  is 
j^j^UiB  of  the  velocity  of  light,  tic  aoma  80  nilee  per  Mcood. 


I 


I 


TUE  SVS. 

QWtioBa  are  taking  place,  resulting  in  motiona  of  recess 
or  appri>acb  with  reference  to  the  terrestrial  observer. 
In  all  such  cases  we  may  expect  to  find  peculiarities 
in  the  affected  lines,  corresponding  to  varieties  in  the 
motion  or  rates  of  motion  of  the  parts  examined. 

I  give  a  few  examples,  illustrating  the  irar  in  which 
Buch  peculiarities  are  to  be  interpreted.  I  consider, 
for  convenience,  motions  taking  place  in  that  coloured 
envelope  (whence  the  boIot  prominences  seem  to  spring) 
which  has  been  called  the  chromosphere : — 

Suppose  J  /  to  represent  the  portion  of  the  Sun  and 
chromosphere  under  examination,  8  s'  being  the  Sun's 


.  ^  iffl  Iff  w 


limb,  C  c'  the  (imisible)  outline  of  the  chromosphere. 
Now,  if  the  F  line  appeared  as  in  i.,  we  should  conclude 
that  the  hydrogen  in  the  part  of  the  chromosphere  under 
examination  was  quiescent  near  the  Sun's  surface,  as 
far  as  motions  of  approach  or  recess  are  concerned 
(though  it  might  be  uio^'ing  very  rapidly  in  a  direction 
square  to  the  Uue  of  sight),  but  that  at  some  distance 
from  the  Sun's  surface  it  was  moving  very  rapidly 
towards  the  eye,  the  rate  of  motion  increasing  with  the 
vertical  height  above  the  Sun.  If,  on  the  other  hand, 
the  spectiTim  appeared  as  at  li.  (fig.  40),  we  should 
come  to  a  similar  conclusion,  substituting  only  a  motion 
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of  recession   for   one  of  approach.     If  the  spectrum 
appeared  as  at  iii.  we  should  conclude  that  to  a  certain 
Wei  above  the  Sun's  limb    there  was    a   gradually 
increasing  motion  of  approach,  but  that  at  and  above 
tkat  level  there  was  a  motion  of  recession  tolerably 
uniforai  in  rate  to  a  considerable  height.     The  case 
would  resemble  those  instances  in  our  own  atmosphere 
where  an   upper   air    current   blows    in    a    different 
direction  than  the  air  nearer  the  sea-level.     If,  lastly, 
the  spectrum  appeared  as  at  iv.,  we  should  conclude 
that  to  a  considerable  height  above  the  Sun's  surface 
there  was  no  motion  of  recess  or  approach ;  but  that 
m  higher  regions  of  the  chromosphere  there  were  masses 
(within  the  long  range  of  chromospheric  matter  really 
included  in  the  direction  of  the  visual  line)  moving  both 
from  and  towards  the  eye  at  an  enormously  rapid  rate. 
The  greater  or  less  width  of  different  parts  of  the 
bright  line  would  indicate  the  greater  or  less  pressure 
at  which  the  hydrogen  existed  at  the  corresponding 
levels  during  the  time  of  observation.     Hence,  a  bulb 
on  any  part  of  the  bright  line  would  indicate  a  corre- 
sponding layer  of  relatively  compressed  hydrogen,  while 
a  marked  narrowing  would  indicate  a  layer  of  hydrogen 
existing  for  the  time  at  relatively  low  pressure. 

Similar  considerations  apply  to  the  spectroscopic 
analysis  of  solar  spots,  or  of  faculous  regions  of  the 
Sun's  surface,  or  generally  of  any  regions  where  dis- 
turbances may  produce  solar  atmospheric  currents  of 
approach  or  recess.  Combining  the  observed  shifting 
of  portions  of  a  spectral  line  with  its  observed  thickness 
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and  also  with  its  relative  brightness  or  darkness  (as 
indicative  of  greater  or  lees  temperature),  we  have  a 
means  of  studjing  those  conditions  of  motion,  pressure, 
and  temperature,  respecting  which  the  telescope  alone 
can  give  us  no  information  whatever. 

It  is  wonderful,  Indeed,  to  consider  that  that  analysis 
of  the  dark  lines  of  the  solar  spectrum  whicli  seemed 
lalf  a  century  ago  so  unmeaning,  those  speculations 
of  Doppler  which  but  a  quarter  of  a  century  ago  were 
rejected  by  many  as  wholly  fanciful,  and  those  inqiuries 
as  to  the  almost  evanescent  wave-lengths  of  light  which 
from  the  days  of  Newton  downwards  had  been  ridi- 
culed as  a  complete  waste  of  time  and  thought,  should 
have  resulted,  under  the  labours  of  Bunsen  and  Kirch-, 
hoff,  of  Plucker,  Huggins,  and  Fronkland,  and,  finally, 
of  Angstrom  and  Van  der  Willingen,  in  a  means  of  i 
dealing  with  problems  so  recondite  and  seemingly  so 
hopeless.  By  an  observation  not  occupying  many 
seconds  any  clear-sighted  observer,  armed  by  our 
opticians  with  adequate  spectroscopic  power,  can 
measure  the  swiftness  of  the  solar  windstorm,  can  gauge 
the  pressure  of  the  solar  atmosphere,  and  can  estimate 
the  relative  temperature  of  spot  and  faculic,  of  photo- 
sphere and  chromospliere,  and,  lastly,  of  the  higher 
regions  to  wliich  eruptions  cast  those  masses  of  glowing 
vapour  which  form  the  solar  promiaences. 
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CHAPTER  IV. 

STUDY  OF  THE  SUN'S  SURFACE. 

We  may  regard  the  discovery  of  the  spots  on  the  Sun 

as  the  commencement  of  that  long  series  of  telescopic 

researches  to  which  we  owe  our  present  knowledge  of 

the  solar  orb.     It  is  highly  probable,  indeed,  that  spots 

on  the  Sun  had  been  seen  and  even  watched  for  long 

intervals,  when  as  yet  astronomers  were  not  aided  by 

the  powers  of  the  telescope.     But  there  is  no  reason  to 

believe  that  the  nature  of  the  spots  so  seen,  or  even  the 

fact  that  they  are  true  solar  phenomena,  had  ever  been 

suspected  by  astronomers.*     Whatever   opinion   we 

*  Kepler  supposed  that  in  lines  441  and  454  of  Virgil's  first  Georgic^ 

the  solar  spots  were  referred  to.    For  '  if  any  one/  he  reasons,  '  should 

fefose  to   see  anything  else  than  an  allusion  to  our  clouds  in  the 

^ords 

'  Ille  ubi  nascentem  maculis  variaverit  ortum,* 

^  shall  oppose  to  the  interpretation  this  other  verse : 

*  Sin  maculae  incipient  rutilo  immiscerier  igni/ 

But  the  latter  verse  is  quite  as  applicable  to  clouds  as  the  former.  As 
regards  the  occasional  recognition  of  spots  by  the  ancients,  however, 
there  seems  less  room  for  doubt.  We  learn  from  Father  Mailla  that 
the  Chinese  recorded  the  appearance  of  spots  on  the  Sun  in  the  year 
321  A.D.,  and  Acosta  tells  us  that  the  natives  of  Peru  told  the  Spanish 
inraders  that  the  Sun's  face  had  in  former  times  been  marked  with 
spots.    In  the  year  807,  a  large  spot  was  seen  on  the  Sun  for  eight 


may  form  of  ancient  records  of  solar  obacuratioos,  ll 
must  turn  to  the  telescopic  discovery  of  the  spofa  Si 
the  real  commencement  of  astronomical  researches  iitti 
the  Sun's  physical  condition.  j 

I  do  not  propose  to  enter  here  into  the  discuseio| 
which  has  been  raised  respecting  the  astronomer  tj 
whom  the  credit  of  having  first  seen  the  solar  spoS 
is  to  be  assigned.  This  discussion  has  been  pursuofl 
by  grave  autlioritica  with  an  earnestness  which  wouU 
really  seem  to  imply  that  they  have  regarded  till 
matter  as  of  serious  importance.  Let  us  simply  recod 
niae  the  fact  that  the  credit  of  the  discovery  is  □■ 
worth   contending   about,*   and  proceed   to  considM 

BDCcrasiva  dnj?,  and  wan  HuppOHeil  by  tboeo  vha  ir«re  little  fkoun 
with  tbo  luTS  of  pUnetaiy  motion  to  be  the  pUnet  Meraiiy.  Angu 
of  opinion,  nlno.  thut  the  tmiisils  of  Mercury  said  to  hare  been  ^8 
neased  by  Averrhoes.  Scaliger,  and  Kepler  himself  (May  28,  18075  *■■ 
only  obBen-ntiofls  of  Sua  Bpols.  It  is  worthy  of  notice  that  tl 
nncients  eould  Tory  well  have  obecrvMt  Sun  spots,  and  hare  eren  Qmda 
the  prugresB  of  these  epots  ncrosB  the  boIkf  disc,  had  Uiey  employed  ■ 
method  which  Oossenius  adopted  in  obBerving  tbe  transit  of  Mereafl 
in  1831.  Hu  admitted  the  Sun'n  rayo  into  a  darkened  chamber  throiJ 
a  small  aperture  in  a  ehutlor,  am)  thuB  obt&iiicd  un  inirrtcd  image  q 
the  Bun,  on  which,  when  the  transit  bad  begun,  be  could  perceive  !■ 
disc  of  Mvrcury.  Althougb  no  Bpols  are  erec  Been  which,  eren  in  da 
nnctcuB,  are  bc  dnrk  bb  Mercury,  yet  many  (or  nLtb«rall  tho  aoIeWorlM 
spots)  preaent  a  much  more  conspicuous  appearance  than  Mercury  ■ 
tmnsiL  Fabriciits,  indeed,  as  we  shall  presently  see,  did  aclnalH 
apply  tbia  method.  J 

*  It  hna  been  justly  romarki'd  bj  an  eminent  astronomer  of  our  owl 
time,  that  the  (iiscovery  of  the  spots  was  a  DBCcBsary  sequel  of  tl|| 
iaTention  of  the  telescope  ;  and  whether  Galileo,  or  I^sbricius,  <i| 
Scheiner,  or  Harriot,  tint  set  eyes  on  these  objects,  is  a  matter  wbidj 
c&D  in  no  way  increase  tho  reputation  of  any  one  of  these  astroniaiual 
To  discuss  the  qucEtion  of  priority  leema  therefore  to  be  simply  a 
of  time. 
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^bat  the  first  observers  actually  saw  —  a  matter  of 
more  moment. 

From  a  work  by  Fabriclus^*  we  learn  that  in  the 
commencement  of  the  year  161 1,  while  observing  the 
San  just  after  sunrise  with  a  telescope  of  inconsider- 
able power,  he  noticed  a  black  spot  upon  its  disc  which 
he  supposed  to  be  a  terrestrial  cloud.      He   found, 
however,  that  the  object,  whatever  it  was,  belonged  to 
the  Sun.     As  the  Sun  rose  he  had  to  discontinue  his 
observations,  for  he  possessed  no  means  of  mitigating 
the  brilliancy  of  the  Sun's  light.     *  My  father  and  I,' 
he  says,  '  i>as8ed  the  rest  of  the  day  and  the  whole 
night  in  great  impatience,  trying  to  think  what  this 
spot  might  be.     "  If  it  is  in  the  Sun,"  I  said,   "  we 
shall  no  doubt  see  it  again ;  if  it  is  not,  its  motion 
^11  have  carried  it  away  from  the  Sun's  disc,  and  so 
wc  shall  be  unable  to  see  it."     On  the  next  morning, 
however,  to  my  delight,  I  saw  the  spot  again.     But  it 
^as  not  in  the  same  place — a  peculiarity  which  in- 
creased our  perplexity.     We  determined  to  obtain  an 
image  of  the  Sun  on  a  sheet  of  paper  by  permitting 
his  rays  to  pass  through  a  small  hole  in  a  darkened 
chamber,  and  in  this  way  we  saw  the  spot  quite  clearly 
in  the  form  of  an  elongated  cloud.     For  three  days  we 
were  prevented  by  bad  weather  from  continuing  our 
observations;  but  at  the  end  of  that  period  we  again 
saw  the  spot,  which  had  crossed  obliquely  towards  the 
western  side  of  the  Sun's  disc.     Another  smaller  one 

*  Entitled  De  Maculis  in  Sole  observatiSf  &c.,  and  published  at 
Wittemberg  in  1611. 


had  made  its  appearance  near  the  eastern  edge,  udl 

a  few  days  this  second  spot  reached  the  middle  of  til 

disc.     Laslly,  a  third  spot  appeared.     The  three  bpoj 

vanished   in   the   order  of  their  appearance.     I  wa 

hopeful  tliat  they  would  be  seen  again,  but  yet  pea 

plexed  by  doubts  and  feara ;  however,  ten  days  aA<> 

wards  the  first  re-appeared  on  the  eastern  side  of  w 

disc.     I  knew  then  that  it  had  revolved  complete^ 

round  (the  Sun),  and  since  then  I  have  con^-inced  m^ 

self  that  this  is  really  the  case.'     Fabricius   stadia 

the  import  of  his  observations,  and  came  to  the  a 

sion  that  the  spots  are  probably  upon  the  body  ( 

the  Sun  itself.     '  We  invite  the  students  of  e^enot 

he   says,   '  to   profit   by  our  description ;    they 

doubtless  conclude  that  the  Sun  has  a  motion  of  rot^ 

tion,  OS  Jordanus  Bruno  has  asserted,  and,  more  latel]! 

Kepler.     Indeed,  I  do  not  know  what  we  could  n 

of  these  spots  on  any  other  supjKisition.' 

Galileo,  at  Florence,  and  Father  Scheiner,  a  Gen 

Jesuit,  besides   independently  discovering  the   spotif 

investigated  the   laws  which   regulate  the  motion  d 

these  objects.     Scheiner  was  at  first  disposed  to  regan^ 

the  spots  as  due  to  the  existence  of  planets  traveUi]i| 

round  the  Sun  close  to  its   surface,  and   indeed   f<4 

a  while  these  imagined  planets  were  admitted  as  tm# 

members  of  the  solar  family  under  the  title  of 

Borbonian  stars."     But   Galileo  having  pointed 

I 
*  The;  are  referred  to  under  thii   name  in   Barton's  Atialomff  ^ 

MdanchMy    (a    verj    ihort    time    after    their    diacoTery),    \a    tint 
eingolarly   iEWreBting  chapter  which  he  entities,  qtminUy  enangh,  ■ 
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tUt  the  motione  of  the  spots  do  not  correspond  to  this 
litpolhesU,  bat  point  clearly  to  the  conclueion  tliat  the 
Sim  rotates  on  hie  axia  in  about  a  month,  Stheiner 
re-«xainined  hig  hypothesiB,  and  presently  admitted 
ibu  Galileo  was  in  the  right.  He  then  made  a  long 
ud  elaborate  series  of  observations  in  order  to  deter- 

n  0/  AjfTt.     The  folloiring  pusaage  from  thia  chapter  is  Bof- 
tetsUj  apropBt.  ttnd  will,  1  doubt  m 

'^a  ibe  meaotime,  (he  world  'n  tossed  in  a,  blmiket  BmoagBt  them; 
1%  hojte  thv  enrth  up  Hud  davn  lilu*  n  ball,  make  it  aland  imd  goe  at 
ib^  pirasures.  One  eiith  the  bud  BlAuds;  aiiolho',  he  moves;  a 
tUldnmial  id,  takiiig  iLom  all  at  rebound;  and,  lest  tbcrc  should  &ny 
[•ndm  be  waating,  he  Gndes  certain  Bpola  and  cloudca  in  the  eun,  by 
Iti  belp  of  glssaes,  which  multiply  (mith  EepleruK)  a  thing  tena  a 
■taeuid  times  bigger  in  piano,  and  make  it  came  32  times  neeniT  to 
ttt<^  oT  the  beholder:  but  see  the  demonstratioa  of  tliia  glass  in 
ludt,  by  means  of  which,  the  sun  mnst  turn  round  upon  his  own 
Mt«r,  or  they  about  the  BUU.  Fabritins  puis  onrl;  tliree,  aad  those  in 
'!>>  ttm;  Apellea,  16.  and  those  without  ihe  enn,  floating  like  the 
Ctuhd  isles  in  the  Euiine  sea.  Tarde  tlie  Frenchman  hath  ubaerred 
Kiuid  fhnee  noilier  spola  nor  douds,  as  Oalileua  {Epial.  ad  Viltrrum) 
nppneiii,  but  planets  eoncenlrifk  with  the  siin.  and  not  far  from  hitn, 
■idi  ngular  loolions.  ChristJiphei  Schemer  [Scheiner]  a  Qermon 
^ma  Jesuit,  Ursica  Itosa  [Qy.,  10  his  Rota  nrnna],  divides  them  in 
■•M&i  c(  faevlai,  and  will  have  them  to  be  Bird  in  lulii  tuprrficif, 
udto  absolce  their  periodicall  nod  reg;ulaF  motion  in  !T  or  28  duyes; 
Mding  witliall  the  rotation  al  the  sun  upon  his  center ;  sad  are  nil  so 
■uSdent.  that  they  have  made  skemes  and  Ublee  of  tJii^ir  moUoos. 
Till  Eollander,  in  bis  dieiTlalitincuia  evm  Aptllt,  cenannin  all;  and 
Ifauthey  disagree  amongst  themaelvn!,  old  and  new,  irrecoacileable  in 
■isir  opinion*;  thus  Aiistarcbus,  Ihns  HippaicbuSi  thus  Ftolomcus, 
tbu  Albalejpnus,  thus  Alfraganns,  thus  Tyvho,  thus  Hamurus,  thus 
Hiiilinn*,  ihos  FrocostoriuB,  thoe  Copernicus  and  his  adherents,  thus 
CIsTine  and  Maginoe,  &c,,  with  llieir  followers,  varj  and  determine  of 
Urae  eelestiall  orfaa  and  bodies ;  aad  so,  wliilest  these  men  contend 
ihont  the  saa  and  moon,  like  the  philosophers  in  Lnrian,  it  is  to  bn 
fp4ired  the  sen  and  moon  wilt  hide  ibemselTes,  and  be  as  much  offended 
w  ehM  was  with  thoso,  and  send  another  mosssge  to  Jupiter,  by  some 
iFW  fangled  Icaromenippoe,  to  make  an  end  of  all  those  curious  con- 
1,  and  scatter  them  abroad.' 


i6i 


TBS  8irX 


mine  th«  true  period  of  roUlioo  and  the  artml  |><tiiiiin 
of  the  solur  uxh  of  rotatiiiti.  In  hu  'Rraa  Utsu' 
(»  iDoat  monstrous  volume)*  li«  pubtiiihed  the  itfinlb 
of  hia  labourv.  He  assigned  to  the  San  a  rMuiai 
|)eriod  of  between  twenty -six  and  twentT-eeveo  din. 
He  albo  staled  tli&t  the  plane  of  the  Sun's  eqiutorisi 
ulincd  between  6°  and  8"  to  the  plane  of  the  ecliptic, 
a  ver}?  creditable  result  considering  his  means  of  obvc^ 
vation,  since  the  best  modem  measures  assign  7^'  U 
the  value  of  this  angle. 

Sobpiiier,  Galileo,  and  Hevelins  would  seem  to 
independently  recognised  the  fact  that  the  solar 
arc  not  of  niiifonn  brightness,  but  commonly  JU^ 
rounded  by  a  fringe  less  dark  than  the  central  put 
The  Uftt-nnmed  Astronomer  also  rect^nised  the  enSr 
Mice  of  certain  bright  streaks  in  the  neighbourhood  of 
the  spots.     He  called  these  the  facule. 


*  Yvi  nol  mpriling  the  dispim^ng  wmiaeitts  of  DoUrabn.  (k" 
aaja,  '  Thi-ro  nm  fiiw  l»>i)kii  ao  diS\is«  toA  no  roid  of  fait*.  It  i- 
7II(  piffM ;  ihrn  a  not  mnttor  in  it  fur  flftj."  Ths  pwliiilj,  Imw*. 
bBlongi  Ui  UiP  ngo  in  whieh  Sdheinor  lived,  and  n  bj  nu  meaDa  ] 
whim,  Bya  limilBr  modr  of  ju<l^n(t.*e  ahoold  be  entilled lo b(W 
In  derialoii  tlin  work*  of  Koi.lor.  UUaio  thus  wfii«  raptOrt) 
Hahvinsr.  ■  Quol  qu'il  ■d  puiuc  Atre  ds  o^ui  i  qui  In  bstari  •  tt 
Toir  Im  taih«i  ]iour  U  prmniira  foii,  U  est  adr  qua  iwiaoiua  aa  U 
Ol»rrv»  aiusi  bien  at  aVn  d<>nuA  la  thAori"  d'uoa  ni«ni*i»  uuai  *o* 
plita  qua  Jtiheiuor.  Son  ournga  a  "T*  piten  anr  wH*  matilrc  al  "I 
Milt  pout  Uin  rtuT  rtoo  ^uctlo  BMidait^  il  I'eo  ocintpa.  (A  nmbiau  i 
dgaak  d'*l«.duo  il  an.  recliwchw.  fiJTiliui  l«  die  avw  U  {do*  p 
4hc»:"Inft<(iiparabiliaalumnigr[ueeniililiiiniB  .  ...  uiinliacmat 
MuibtK  jwtmaai  .{uwi  proiripaiMe  did  j«3»»t." "  So  mocb  it 
■MBadltlUnf  to  .aj  jv.].eoHa8  ■  «i«»  Uburions  uid  ingeuioai  inrW 
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A  long  series  of  observfttioiis  of  San-spots  now 
began,  snd  many  hypotheses  of  more  or  less  ingenuity 
were  pat  forward  to  account  for  the  phenomena  which 
tbej  present.  For  some  time,  indeed,  the  possibility 
of  their  existence  was  earnestly  denied  by  the  students 
of  Aristotelian  philosophy.  It  is  impossible,  they 
griTely  urged,  that  the  Eye  of  the  Universe  should 
nffer  from  ophthalmia ;  and  it  is  related  that  when 
Scheiner  communicated  his  discovery  of  the  solar 
^ts  to  the  provincial  of  his  order,  the  latter,  who  was 
in  earnest  Aristotelian,  answered, '  I  have  read  Aris- 
totle's writings  from  beginning  to  end  many  times,  and 
I  can  assure  you  I  have  nowhere  found  in  them  any- 
thbg  similar  to  what  you  mention  ;  go,  therefore,  my 
son;  tranquillise  yourself ;  be  assured  that  what  you 
take  for  spots  in  the  Sun  are  the  faults  of  your  glasses 
or  your  eyes.* 

Despite  the  defenders  of  Aristotle's  infallibility, 
bowever,  the  progress  of  solar  research  went  on. 
Galileo  continued  his  labours,  until,  from  viewing  the 
Sun  so  often  without  the  dark  glasses  now  commonly 
employed,  he  lost  his  eyesight.  Scheiner,  Hevelius, 
and  other  observers,  added  largely  to  the  store  of 
known  facts ;  and  gradually  the  observation  of  solar 
spots  began  to  be  recognised  as  a  regular  part  of  the 
astronomer  s  work. 

I  do  not  propose,  however,  to  give  a  detailed  ac- 
count of  the  observations  made  in  those  earlier  years 
of  telescopic  observation  of  the  Sun.  Indeed,  to  give 
a  full  history  of  those  observations,  and  to  extend  the 
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same  fulness  of  narrative  to  later  reEearches,  woald  n 
quire  twenty  or  thirty  such  volumes  as  the  present. 

I  shall  content  myself  with  selecting  certain  illtift 
trative  instances  of  solar  observation  by  the  earli^ 
astronomers,  choosing  those  observations  specially 
which  tend  to  introduce  the  results  more  completell 
educed  by  recent  researches. 

Cassini  writes  thus  of  a  spot  observed  by  him  i^ 
August  1671.*  '  It  is  now  about  twenty  years  sinoQj 
that  astronomers  have  not  seen  any  considerable  spoti 
on  the  Sun,  though  before  that  time,  since  the  inveih 
tion  of  the  telesRope.  they  have  from  time  to  timf 
observed  them.  The  Sun  appeared  all  that  while  witi 
an  entire  brightnesB,  and  I  saw  him  so  on  the  ninth  oj 
the  month  of  August.  But  on  the  eleventh  of  th( 
same,  about  six  a  clock  at  night,  being  furmsht  onl} 
with  a  three-foot  glass,  I  remarked  in  the  Sun's  disqiM 
two  spots  very  dark,  distant  from  his  apparent  centn 
about  the  third  part  of  his  semi-diameter.  .  ,  .  Th( 
first  of  these  spots,  being  look'd  upon  with  a  telescopi 
of  seventeen  foot  long,  appeared  of  a  somewhat  ovd 
figure  :  the  other  was  oblong  and  a  little  curved,  lik( 
the  Hebrew  letter  Jod  ;  and  both  together  were  sur- 
rounded by  a  corolla  or  coronet  made  up  of  little  darl 
points'  (the  penumbra) '  which  conformed  itself  to  th( 
figure  of  the-  spots,  considered  as  they  were  joined 
together.  .  .  .   The   twelfth  of  August,  1671,  I  ob- 

*  NetB  Olmrralioni  of  i^t>  in  tAt  Sun  ;  made  at  the  Royal  AcadaM 
of  Parit  ON  Augiat  II,  12,  und  13.  1671;  and  EngtUk't  out  tff  Qk 
frcneh.     Phil.  Traiu.  vol.  vi.  p.  2,251.  "" 
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served  them  from  the  time  of  sun-rising,  and  perceived 
lliat  they  were  nearer  his  centre.  .  .  .  The  first  naa 
composed  of  two  others  almost  round  and  conjoyn'd. 
The  second  represented  tlie  shape  of  a  scorpion.  The 
Uiird  was  round  '  (this  is  the  first  intimation  we  have 
of  the  triplicity  of  the  group), '  and  they  were  all  three 
environed  with  a  coronet,  which  was  composed,  as  said 
tbove,  of  ahundance  of  little  obscure  pricks.  This 
coronet  appeared  to  be  clearer  than  the  rest  of  the  Sun 
when  looked  upon  with  the  short  glass,  and  darker 
when  seen  with  the  long.  Without  it  there  were  other 
points,  but  very  black  ones,  viz.  five  near  the  round 
tpot  on  the  south  side,  and  another  near  the  scorpion's 
bil  on  the  north  side.  At  eight  a  clock  and  forty- 
eight  minuts,  the  figure  of  the  scorpion  was  seen 
divided  into  several  pieces,  as  if  his  tail  and  arms  had 
been  cut  off.  The  northern  point  remained  no  more, 
tfaere  remaining  none  but  those  seen  on  the  south  side ; 
and  the  length  of  the  enclosure  of  all  the  spots,  com- 
jirehended  between  the  e.tlremities,  was  of  one  minut 
and  fifteen  seconds,  and  the  breadth  of  thirty  seconds." 
On  August  12  Cassini  fonnd  no  great  change  had 
taken  place,  but  the  black  points  outside  the  spot 
»ere  now  spread  in  a  straight  row.  On  the  13th 
'  the  ed^e  of  the  coronet  was  turned  to  a  point  on  the 
south  side,'  The  spot  had  indeed  changed  in  that 
strange  way  which  all  observers  of  the  Sun  must  be 
familiar  with,  the  fullowing  extremity  of  the  penumbra 
drawn  out  to  a  point  which  waa  so  curled  round  as  to 
be  directed  towards  the  preceding  end  of  the  spot. 
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CassiDi  afterwards  traced  the  progress  of  this  spot  to 
the  Sun's  limh.  He  remarks, '  The  apparent  velocity 
nigh  the  centre  was  such  that  if  it  liad  continued  the 
same,  the  spots  would  have  arrived  almost  in  four  days 
to  the  limb  of  the  disque ;  hut  in  the  hyi>othesia ' — that 
they  are  either  attached  to  the  Sun's  surface  or  not  far 
from  it — '  this  apparent  velocity  was  to  lessen  accord- 
ing as  the  spots  should  remove  from  the  centre ;  as 
hath  come  to  pass  in  effect.  The  diminution  in  the 
length  of  the  misty  crown  '  (a  strange  name  for  the 
penumbra)  '  was  in  &  manner  proportional  to  the 
diminution  of  tlie  apparent  velocity ;  since  that  when 
this  crown  was  in  the  midie,  and  in  a  sciluation 
wherein  its  true  figure  could  be  best  seen,  it  appeared 
oblong  and  of  the  form  of  an  human  ear,  its  greatest 
diameter  respecting  east  and  west ;  but  being  nigh  the 
limb,  this  same  diameter  seemed  to  shorten ;  and 
having  appeared  greatest  in  its  first  scituation,  it 
appeared  leaft  in  this,  because  it  was  almost  in  a 
circle  that  passed  through  the  centre  of  the  Sun, 
whoee  equal  arches  are  by  so  much  the  more  oblique 
by  how  much  they  approach  more  to  the  limh  of  his 
disque,  and  consequently  appear  less  according  to  the 
rules  of  opticks;  meantime  the  diameter  that  was 
turned  from  north  to  south  apparently  kept  the  same 
bigness  it  had  near  the  centre,  because  it  was  in  a 
circle  almost  parallel  to  the  horizon  of  the  Sun,  which 
formed  the  representation  of  its  Hmb,  and  whose  equal 
arches '  (by  tlie  same  optical  reasons)  '  do  not  appear 
contracted.'     Tt  will  be  seen  by  this  reasoning — which. 
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being    interpreted,  signifies  that  the  effect  of  fore- 
shortening was  to  make  the  spot  seem  longest  in  a 
direction  square  to  a  line  from  the  Sun's  centre — ^that 
Caflsini  had  on  this  occasion  come  very  near  to  the 
dliacoyery  afterwards  made  hy  Dr.  Wilson,  that  the 
nucleus  of  a  spot  is  at  a  lower  level  than  the  solar 
photosphere.     For  had  he  but  noticed  an  excess  of 
breadth  in  the  penumbra  nearest  to  the  Sun's  limb, 
the  same  just  reasoning  which  he  applied  to  the  figure 
of  the  spot  would  have  enabled  him  to  pronounce  at 
once  respecting  the  relative  level  of  the  nucleus,  the 
penumbra,  and  the  photosphere.     He  gives  a  picture 
of  the  spot  close  by  the    Sun's  limb,  in  which   the 
penumbra  is  of  equal  width  on  the   side  next   the 
centre  and  on  that  next  the  limb.     Most  probably  no 
such  peculiarity  as  Dr.  Wilson  detected,  existed  in 
the  case  of  this  particular  spot.     In  fact,  so  far  as  my 
own   experience  of  the  aspect  of  Sun-spots  is   con- 
cerned, spots  such  as  the    one  observed  by  Cassini 
seldom  exhibit  the  peculiarity  in  question  in  a  manner 
which  would  enable  an  observer  to  theorise   safely 
respecting  the  level  at  which  nucleus,  penumbra,  and 
photosphere  actually  lie. 

In  November  1769,  Dr.  Wilson,  of  Glasgow,  began 
the  careful  study  of  a  large  spot  (visible  to  the  naked 
eye).  The  results  which  he  deduced  from  its  changes 
of  appearance  are  of  great  interest  and  importance. 
When  he  first  examined  the  spot  (November  22)  it 
was  situated  not  very  far  from  the  western  edge  of  the 
Sun's  disc.     On  the  next  day  he  found  that  the  spot 
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had  changed  in  appearance.  '  The  penumbra  which 
on  the  previous  day  was  equally  bn>ad  on  all  sides  of 
the  nucleus  *  was  now  very  much  contracted  on  the 
side  which  lay  towards  the  centre  of  the  disc,  while 
the  otlier  parts  retained  nearly  their  former  dimensions. 
On  the  24th  he  again  observed  the  spot.  The  distance 
from  the  limb  was  now  only  twenty-four  seconds,  and 
the  contracted  side  of  the  penumbra  bad  entirely 
vanished.  The  breadth  of  the  nucleus  on  the  same 
side  also  appeared  to  be  more  suddenly  impaired  than 
it  ought  to  have  been  by  the  motion  of  the  Sun  across 
the  disc' 

Dr.  Wilson  showed  that  these  results  correspond 
with  those  which  would  follow  if  the  spot  was  a  vast 
cavernous  opening,  having  the  nucleus  at  the  bottom, 
and  the  penumbra  forming  its  sloping  sides.  It  only 
remained  to  be  seen  whether  a  corresponding  succeraion 
of  changes  occurred  when  the  spot  re-appeared  on  the 
eastern  edge,  and  thence  passed  across  the  solar  disc. 
This  actually  happened.  *  On  December  1 1,  the  spot 
appeared  on  the  opposite  side  of  the  disc.  It  was  then 
distant  about  a  minute  and  a  half  from  the  edge.  The 
Bide  of  the  penumbra  next  the  edge,  which  fonnerly 
vanished,  was  now  wholly  visible,  while  that  turned 
towards  the  centre  of  the  disc  aj>peared  to  be  wanting. 
On  December  12  it  came  into  view,  and  he  saw  it 
distinctly,  though  narrower  than  the  other  side.  He 
did  not  see  the  spot  again  until  December  17,  when  it 


"  From  ProfBBBor  Grant's  abstract  of  tlie  originni 
Mcrallent  Biitory  of  Phyncal  Attwitomy. 
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had  passed  the  centre  of  the  di^,  and  the  penumbra 
now  appeared  to  surround  the  nucleus  equally  on  all 
sides. 

In  fig.  4L  the  upper  row  of  spota  represents  the 
BOOCessioD  of  changes  actually  presented  by  this  spot, 
while  the  lower  shows  what  would  occur  as  a  apot 
traversed  the  Sun's  disc,  if  the  spot  were  simply  a 
surface  etain  with  a  penumbral  fringe.     It  will  be  se 


that  the  difference  between  the  appearances  depicted 
in  the  two  rows  is  of  a  sufficiently  marked  character. 
It  will  also  be  noticed  that  even  without  any  definite 
explanation  of  the  peculiarities  shown  in  the  upper  row, 
the  mind  at  once  recognises  the  fact  that  we  have  here 
to  do  with  a  cavity  or  depression. 

Let  us  examine,  however,  the  line  of  reasoning  by 
which  Dr.  Wilson  demonstrated  this. 


17°  THE  ST/y.  ^^m 

Let  A,  B,  C  (fig.  42)"  be  Bupposed  to  represent 
spective  views  of  a  saucer-shaped  depression  on 
surface  of  a  sphere — the  depressions  being  all  of 
dimensions  (the  sloping  sides  are  assumed  in  . 
three  views  to  be  transparent).  Then  it  is  obvious 
to  an  eye,  supposed  to  view  them  from  above, 
relative  breadth  of  the  black  base  and  of  the  sh 
sides  would  be  indicated  by  the  breadth  of  the 
and  shaded  spaces  carried  vertically  upwards  fron 
¥m.  42. 


L 


spots.  Now,  suppose  the  sphere  to  be  rotated 
horizontal  axis  so  that  the  spots  are  brought  ( 
edges  sliding  as  it  were  along  the  dotted  lines)  i 
to  the  positions  a',  b',  c'  Then  the  relative  brei 
of  the  penumbra  and  nucleus  will  be  indicated  b] 

This  ft^re  in  essentiala  eloaply  rrsemliliia  a  Bgarf  in  Fr.  S 
rreently  published  irork  on  the  Sun.    It  iras  drawn  bj  me,  ho 
iploypd  )□  illuHlmling  lectures,  nourlj  b  jear  before  8 
book  appeared. 


I  dtetances  sepsrftting  these  dotted  lineB,  and  must  needs 
I  Aerefore  be  such  as  are  shown  in  the  figure.  The 
Aape  of  the  depression  would  also  be  as  shown.  We 
[  we,  then,  that  to  an  eye  watching  a  depression  of  this 
I  wrt  as  it  rotated  from  the  position  a'  to  the  position 
1  c",  clanges  of  shape  would  be  shown  which  correspond 
I  fttcily  with  those  recognised  by  Dr.  Wilson. 

ibis  is   the    proper  jilace  to   point  out,    however. 


■liM  Dr.  Wilson's  observations  were  insufficient  to 
demonstrate  that  a  spot  is  a  region  which  lies  at  a 
«hole  beneath  the  solar  surface.  They  show  only  that 
the  nucleus  of  the  spot  he  observed  lay  at  a  lower 
level  than  the  penumbra.  It  is  evident  from  fig.  43 
that  appearances  precisely  corresponding  to  those  ob- 
served by  Wilson  would  be  seen  if  spots  were  caused 
_  by  a  double  layer  of  clouds  in  the  solar  atmosphere, 
r  opaque,  the  upper  semi-transparent  and  ex- 
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tending  on  all  sides  beyond   the  limits    covered 
the  lower.     Such   an  luterpretatioD  has  indeed 
put  forward  in  recent  times  by  Kirehlioff,  and  is 
maintained,  1  believe,  by  Sporer. 

Wilson's  physical  interpretation  of  the  occurreiiM 
of  these  solar  depressions  need  not  detain  ua  here. 
They  have  not  been  regarded  as  so  aucecssful  as  ti» 
geometrical  analysis  of  the  observed  phenomena.  It 
ia  only  just  to  add  that  he  himself  did  not  attach  equ^ 
weight  to  them ;  for  in  answer  to  objections  urged  by 
Lalande  to  his  theory  that  the  Bp<ita  are  depressioDSi 
Wilson  wrote  thus  in  1783 : — '  Whether  their  first 
production  and  subsequent  nunibcrless  changes  depenu 
upon  the  eructation  of  elastic  vapours  from  below,  or 
upon  eddies  or  ichirlpools  commencing  at  the  surfc 
upon  the  dissolving  of  this  luminous  matter  in  the  solar 
atmosphere,  as  clouds  are  melted  and  again  given  out 
by  our  air,  or,  if  the  reader  pleases,  upon  the  annihi- 
lation and  reproduction  of  parts  of  this  resplendent 
covering,  is  left  for  theory  to  guess  at.' 

Passing  also  over  the  theories  of  Bode,  which  dif- 
fered in  no  important  respect  from  those  of  Wilson, 
let  us  turn  now  to  the  observations  and  theories  of 
the  greatest  observational  astronomer  the  world  haa 
ever  known — Sir  William  Ilerschel.  I  propose  to 
treat  at  considerable  length  what  he  has  advanced  upon 
the  subject  of  the  Sun,  partly  because  of  the  great 
value  of  his  work,  but  partly  also  to  reclaim  for  him 
many  discoveries  which  have  been  assigned  to  later 
observers.     W^hat  these  are  I  need  not  in  every  in- 
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tUmce  partacularise ;  but  It  seems  to  me  essential  that 
lihe  Griginal  observation  of  facts  of  so  much  interest 
ind  importance,  only  determinable  by  long  and  patient 
tcraliny  of  the  Sun,  should  be  assigned  to  their  proper 
;]ila«e. 

Let  me  begin  by  quoting  the  fine  passage  in  which 
Sr  William  Herschel  speaks  of  the  central  luminary 
of  our  system. 

'Among  the  celestial  bodies,'  he  says,  *the  Sun  is 
certainly  the  first  which  should  attract  our  notice.     It 
is  a  fountain  of  light  that  illuminates  the  world  I  it  is 
the  cause  of  that  heat  which  maintains  the  productive 
power  of  nature,  and  makes  the  Earth  a  fit  habitation 
for  man !  it  is  the  central  body  of  the  planetary  system ; 
and  what  renders  a  knowledge  of  its  nature  still  more 
interesting  to  us,  is  that  the  numberless  stars  which 
compose  the  universe,  appear  by  the  strictest  analogy 
to  be  similar  bodies.     Their  innate  light  is  so  intense, 
that  it  reaches  the  eye  of  the  observer  from  the  re- 
motest region  of  space,  and  forcibly  claims  his  notice.' 
Next  let  us  hear  his  summary  of  the  theories  which 
had  been  put  forward  respecting  the  physical  constitu- 
tion of  the  Sun.     I  may  note  in  passing  that  the  open- 
ing remarks  are  as  applicable  in  the  present  day  as 
«rhen  Herschel  wrote  them : — ^  I  should  not  wonder,' 
tays  the  great  astronomer,  *if  we  were  induced  to 
hink  that  nothing  remained  to  complete  our  know- 
edge  ;  and  yet  it  will  not  be  difficult  to  show  that  we 
ire  still  very  ignorant,  at  least  with  regard  to  the  inter- 
lal  constitution  of  the  Sun.     The  various  conjectures 
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whicli  liave  been  formed  on  this  subject  are  evidi 
markg  of  the  uncertainty  under  which  we  have  hitbe; 
laboured.  The  dark  spots  in  the  Sun,  for  instAno 
have  been  euppoeed  to  be  solid  bodies  revolving  rei 
near  its  surface.  They  have  been  conjectured  to  li 
the  smoke  of  volcanoes,  or  the  scum  floating  upon 
ocean  of  fluid  matter.  They  have  also  been  taken  & 
clouds.  They  were  explained  to  be  opaque  m 
swimming  in  the  fluid  matter  of  the  Sun ;  dippiiq 
down  occasionally.  It  has  been  supposed  that  a  fieij 
liquid  surrounded  the  Sun,  and  that,  by  its  ebbing  inJ 
flowing,  the  highest  parts  of  it  were  occasionally 
covered,  and  appeared  under  the  shape  of  dark  spoUl 
and  that  hy  the  return  of  this  fiery  liquid  they  wO 
again  covered,  and  in  that  manner  successively  assumt 
diflereut  phases.  The  Sun  itaelf  has  been  called  I 
globe  of  fire,  though  perha|»  metaphorically.  Hil 
waste  it  would  undergo  by  a  gradual  consumption,  Oi 
the  supposition  ofitsbeing  ignited,  has  been  ingenious]] 
calculated.  And  in  the  same  point  of  view  its  immenai 
power  of  heating  the  bodies  of  such  comets  as  drai 
very  near  to  it  has  been  assigned.'  '  In  supportang 
be  proceeds, '  the  ideas  I  shall  propose  in  this  papfl 
with  regard  to  the  physical  constitution  of  the  Sun,  \ 
have  availed  myself  of  the  labours  of  all  these  astrondi 
mors,  but  have  been  induced  thereto  only  by  my  owl 
actual  observation  of  the  solar  phenomena,  whi<^ 
besides  verifying  those  particulars  that  had  bee< 
already  observed,  gave  me  such  views  of  the  soUl 
regions  as  led  to  the  foundation  of  a  very  rationi 
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lystem.    For  haying  the  advantage  of  former  obserya^ 

tioDs,  my  Litest  reviews  of  the  body  of  the  Sun  were 

imiiiediatelj  directed  to  the  most  essential  points ;  and 

ike  work  was  by  this  means  facilitated  and  contracted 

into  a  pretty  narrow  compass.' 

'In  the  year  1779/  he  begins,  *  there  was  a  spot  on 
the  Son  which  was  large  enough  to  be  seen  with  the 
Mked  eye.     By  a  view  of  it  with  a  7-feet  reflector, 
dntged  with  a  very  high  power,  it  appeared  to  be 
cKrided  into  two  parts.     The  largest  of  the  two  on 
Apil  19  measured  V  8^^*06  in  diameter,  which  is  equal 
n  length  to  more  than  31,000  miles.     Both  together 
nmst  certainly  have  exceeded  50,000.     The  idea  of 
its  being  occasioned  by  a  yolcanic  explosion,  violently 
drinng  away  a  fiery  fluid,  which  on  its  return  would 
gndoally  fill  up  the  vacancy,  and  thus  restore  the  Sun, 
ID  that  place,  to  its  former  splendour,  ought  to  be  rejec- 
ted on  many  accounts.  To  mention  only  one,  the  great 
extent  of  the  spot  is  very  unfavourable  to  that  supposi- 
tion. Indeed,  a  much  less  violent  and  pernicious  cause 
maj  be  assigned,  to  account  for  all  the  appearances  of 
the  spot. 

'  The  Earth  is  surrounded  by  an  atmosphere  com- 
posed of  various  elastic  fluids.  The  Sun,  also,  has  its 
atmosphere,  and  if  some  of  the  fluids  which  enter  into 
its  composition  should  be  of  a  shining  brilliancy  while 
others  are  merely  transparent,  any  temporary  cause 
which  may  remove  the  lucid  fluid  will  permit  us  to  see 
the  body  of  the  Sun  through  the  transparent  ones.  If 
an  observer  were  placed  on  the  Moon,  he  would  see  the 


Bolid  body  of  our  Eartb  only  in  those  places  where  thi 
transparent  fluids  of  the  atmosphere  would  permit  him, 
In  others  the  opaque  vapours  would  reflect  the  lighj 
of  the  Sun  without  permitting  his  view  to  penetrate  te 
the  surface  of  our  globe.  He  would  probably  also  Gni 
that  our  planet  had  occasionally  some  shining  fluids  ia 
its  atmosphere ;  as,  not  unlikely,  some  of  our  northern 
lights  might  attract  his  notice,  if  they  happened  in  the 
unenlightened  part  of  the  Earth,  and  were  seen  by 
him  in  his  long  dark  night.  Nay,  we  have  pretty  good 
reason  to  believe,  that  probably  all  the  planets  emit 
light  in  some  degree;  fur  the  illumination  which  re^ 
mains  on  the  Moon  in  a  total  eclipse  cannot  be  entirely 
ascribed  to  the  light  which  may  reach  it  by  the  refracJ 
tion  of  the  Earth's  atmosphere,"  .  .  In  the  instance  o£ 
one  large  spot  on  the  Sun,  I  concluded,  from  appeaiu 
ances,  that  I  viewed  the  real  solid  body  of  the  Su* 
itself,  of  which  we  rarely  see  more  than  its  ahining 
atmosphere.'  | 

'  In  the  year  1783,'  he  proceeds,  '  I  observed  a  fine' 
large  spot,  and  followed  it  up  to  the  edge  of  the  Sun's 
limb.  Here  I  took  notice  that  the  spot  was  plainly 
depressed  below  the  surface  of  the  Sun;  and  that  it, 
had  very  broad  shelving  sides.     I  also  suspected  somC' 

.1 
*  TheTP  IB,  howevci',  an  important  flaw  in  the  reasoning  on  which  SiC 
WiUiam  Hiinicliel  btiseB  this  opinion.  He  lakes  tbe  horiiontid  rttno- 
tion  dne  to  a  my  of  Bolar  light  bo  entering  tlie  Enrth's  Btmoapben 
reach  the  Bnrfoce  of  the  Earth  tangenliallj,  without  noticing  that  tb* 
same  Hmoimt  of  refraction  will  a^ect  the  rH;  as  it  paeses  out  of  the 
lerrBalrial  imnosphere.  ThiBprror  is  repeated  in  FerKoaaD't  Attratiomy^ 
nnd  hoe  since  been  often  quoted  withonl  correction. 
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itof  t}ie  shelving  sides  to  be  elevated  above  tlie 

Qof  tiie  Sun;  and  observed  that,  contrary  to  what 

*  liftp[>eu(j,  the  aiargin  of  that  eidc  of  the  spot 

tnft  fartheitt  from  the   limb  was  the  bmadeet.' 

be  noticed  that  in  the   picture   uf  the   8uii 

Plate   I.,  Mr.   Browning   delineates    in 

e  of  one  spot  of  the  group  a  precisely  analogous 

V 'William  Herschel's  explanation  of  these  peculiar 
9  need  not  be  quoted,  m  it  has  been  disposed 
Kiecent  researches. 

bdieyear  1 791,' he  proceeds, '  I  examined  a  large 
.  the  Sun,  and  found  it  evidently  depressed 
}  tbe  level  of  tlie  surface;  about  the  third  part 
fcbrood  margin  or  plane  of  considerable  extent, 
bight  tliau  the  Sun,  and  also  lower  than  its 
Xhifi  plane  seemed  to  rise,  with  shelving 
Lap  to  the  place  where  it  joined  tlie  level  of  the 

very   ill,'    proceeds    llerschei,   '  would   this 

8  thai  there  could  have  been  no  dpcsplion  in  thia 
a  the  Sun  tooktd  coutbi,  whereas  be  liad  nutiiieU 
LB  when  the  Huon'a  monnlains  and  ruUeja  were 
,    the   Mood    henelf   alva^a    looked   ouncare,  th^ 
g  wb«D  the  mind  wits  directed  lo  Ihe  fuel  of  the 
ll  (fttivex.     Il  mnj  be  queationed,  however,  whether 
|>nn   fiurly  be  iippli"d   to  &  lelf- luminous  bod^.    Thi< 
Ming  the  Bppnrcat  cuncrerit)'  or  canroxity  of  the  Iudiu- 
rOr  cnttcn.  d^peada  entira^lj  on  the  ideu   pressiit  ia   the 
merTftlioD,  Teepeoting  the  direction  in  which 
if  tUutniiiiitioD  Iree — precieelj'iu  in  the  unnlDgoun  experifncnl 
lU,  diwiuioed  in  Ucewater't  Hatwrid  Magk.    Such  cun- 
>f  tXecl  oat  livirs  reH|iectiog  tt  wlf-tumiaoue  bod;. 
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obsenation  agree  with  the  ideas  of  solid  bodies  bobbing 
lip  and  down  in  a  fiery  liquid— with  the  smoke  of 
volcanoes',  or  scum  up^m  au  ocean;  and  how  easily  is 
it  explained  upon  our  foregoing  theory.  The  remoral 
of  the  shining  ntnioxphere,  which  permits  us  to  see  the 
Stin,  must  naturally  be  attended  with  a  gradual  dimi- 
nution on  its  borders ;  an  instance  of  a  similar  kind 
we  have  daily  before  us,  when  througli  the  opening  of 
II  cloud  we  see  the  sky,  which  generally  is  attended  by 
a  surrounding  haziness  of  some  short  extent,  and 
seldom  transits  from  a.  perfect  clearness  to  its  greatest 
ohscurity.' 

On  August  26,  1792,  Herschel  examined  the  Sun 
with  several  powers,  from  90  to  500,  '  It  appears 
evidently '  he  remarks,  '  that  the  black  spots  are  tlie 
opaque  ground  or  body  of  the  Sun;  and  that  the 
luminous  part  is  an  atmosphere, which,  being  interrupted 
or  broken,  gives  us  a  transient  glimpse  of  the  Sun 
itself.'  He  presently  suggests  that  possibly  eveu 
where  there  are  no  spots,  the  real  surface  of  the  Sun 
may  now  and  then  be  perceived — '  as  we  see  the  ehape 
of  the  wick  of  a  candle  through  its  flame,  or  the  con- 
tents of  a  furnace  in  the  midst  of  the  brightest  glare  of 
it ;  but  this,  I  should  suppose,  will  only  happen  where 
the  lucid  matter  of  the  Sun  is  not  very  accumulated.' 

A  few  days  later  he  studied  some  well-marked 
faculce.  In  the  neighbourhood  of  a  dark  spot  pretty 
near  the  edge,  *  I  saw,'  he  says,  '  a  great  number  of 
elevated  bright  places,  making  various  figures.  1  shall 
call  them  faculee,  with  Hevelius;  but  without  assign- 


iiglti  this  term  any  other  meaning  than  what  it  will! 
Iifrwfter  appear  ought  to  be  g^iven  to  it.     I  see  these  I 
&cuiie  extended  on   the   preceding  side,  over   about  | 
wifrtiith  part  of  the  Sun  ;  but  bo  far  from  resembling  | 
lurches,  thej  appear  to  me  like  the  shrivelled  eteva- 
tidPfi  upon  a  dried  apple,  extended  in  length  ;  and  most 
<if  ibum  are  joined  together,  making  waves,  or  waving 
some  good  views  in  the  afternoon,  I   find 


Til"  bull's  iiomigHlod  Burliite. —  .S«iAi. 

iWt  the  rest  of  the  surface  of  the  Sim  does  not  contain 
UT  faculse,  except  a  few  on  tlie  follovpin^  and  cqua-   . 
hmlpart  of  the  Sun.     Towards  the  north  and  south  J 
I  fnoulro :  there  is  all   over  the   Sun  a 
ess  in  the  surface,  which  has  the  appearano<»f 
of  small  points  of  an  unec^ual  light 


they  are  eviilently  an  iinevenue?a  or  roughness  of  hi^ 
and  low  parts,' 

The  accompanying  views  (figs.  44  and  45)  c 
portions  of  the  Sun's  surface,  as  delineated  by  Sewt 
with  the  fine  telescope  of  the  Roman  observatory 
correspond  exactlv  with  this  descnption.  ^'ote  als^^ 
the  drawing  by  Chacornac  (fig.  55)  farther  on, 

After  8,  week's  observations  of  the  faculte,  Hersclie» 
thiia  reasons  about  them  : — '  The  faculie  being  eleva- 


tions, very  satisfactorily  explains  the  reason  why  they 
disappear  towards  the  middle  of  the  Sun,  and  reappear 
im  the  other  margin ;  for,  about  the  place  where  we 
lose  tliem  they  begin  to  be  edgeways  to  our  view ;  and 
if  between  the  facula;  should  lie  dark  spots,  they  will 
most  frequently  break  out  in  the  middle  of  the  Sun, 


leihey  »re  no  longer  covered  by  Ihe  side  views 
Iftliae  fttculee." 

■On  September   22,    1792,   Herscht-I  observed  fev.' 
fnctila:  on  the  Sun  and  few   spots,  but  the  whole  disc 
't^ry  much  marked  with  roughness,  like  an  orange,  and 
wmenf  ihe  lowest  parts  of  the  inequalities  blackish. 
Cn  the  fi)Ilowing  day  he  thus  associates  this  roughness 
*ilh  tlie  faculsB : — '  The  faculm  are  ridges  of  elevation 
'[•ovi!  the  rough  surface.'! 
Oi  February  23,  1794,  Hersch el  noticed  an  appear- 
which  IS  very  well  illustrated  in  Mr.  Browning's 
'Imwing   of  the   Sun.  Plate  I.     '  One  of  the   black 
•'jNits  on  the   preceding  margin,  which    waa   greatly 
lieW  the    margin    of  the    Sun,    had,    next    to   it,    a 
limluberant  lump  of  shining  matter,  a  little  brighter 
tlrnn  the  rest  of  the  Sun.     About  all   the  sjjots,'  he 
adiU,  '  the  shining  matter   seems  u^  have   been  dis- 
turbed; and  is  even  lurajiy  and  zig-zagged  in  an  ir- 
regular manner,     I  call  the  spots  black,  not  that  they 
ire  entirely  so,  but  merely  to  distinguish  them ;  for 
tliere  is  not  one  of  them  to-day  which  is  not  partly  or 
entirely  covered  with  whitish  and  unequally  bright  ne- 
bulosity or  cloudincaa.     This  in  many  of  them  comes 

*  PtrlMps  thr  moat  convincing  proof  we  hnve  'if  Ihe  fnrt  thiit 
firalr  ore  eleTSliooB.  ia  that  tmpplieit  Ly  Hr.  Dnwca,  wlio  actual!;  bilw 
■  bcnla  pnijei'ting  fiom  the  fdge  of  the  Sun's  dite. 

t  Tlio  uhserration  npit  following  ihe  shore  in  H(irBoher»  paper 
(PiU.  Tra«t.  Tol.  lixjtv.)  U  worth  citing,  though  iho  irwt  involved  i« 
MOW  well-known  (o  all  ohseirera  of  the  Sun.  Itrunpj  thni ;— ' Feb.  23, 
1791'  Bf  an  eiperinient  I  have  jiut  dow  tried,  I  Bud  it  confirmed 
that  the  8on  cannot  be  so  distinctlj  viewed  wilh  n  small  aperture  and 
foiol  darkening  glaaaes  a»  with  a  Lirgc  aperture  suil  almng^r  on<ii ;  thil 
lUler  is  tbe  method  1  alwnvt  u^e.' 


near  to  an  extinction  of  ihe  spot,  and  in  others,  seerw*  | 
to  bring  on  a  sub<liTisiiin.' 

On  Seiitem1>cr  28.  1794,  Sir  'William  Hersch el  ob- 
served a  n|>ot  similar  in  its  general  characteristics  t^ 
tliat  on  the  observation  of  which  ^^'ilsoD  had  baseJ 
his  hypothcgis.  '  Thcr«  is  a  dark  spot  in  the  Siin  on 
the  following  side.  It  is  certainly  depressed  below 
the  shining  atmosphere,  and  has  shelving  sides  of 
shining  matter  which  rise  up  higher  than  the  general 
Biirfac«.  and  are  briglitest  at  the  top.  The  preceding 
shelving  side  is  rendered  almost  invisible  by  the  over- 
hanging of  the  j)receding  elevations ;  while  the  fol- 
lowing is  vprj-  well  exposed ;  the  spot  being  apparently 
su<^  in  figure  as  denotes  a  circular  farm  viewed  in  an 
oblique  direction.  Near  the  following  margin  are 
many  bright  elevations  close  to  visible  depressions. 
The  depressed  ])Hrts  are  less  bright  than  the  common 
surface.  The  penumbra,  as  it  is  called,  about  this  spot 
is  a  considerable  plane,  of  less  brightness  than  the 
common  surface,  and  seems  to  be  as  much  <lepressed 
below  that  surface  as  the  sjiot  is  below  the  plane.  Hence, 
il  the  brightness  of  the  Sun  is  occasioned  by  the 
lucid  atmosphere,  the  intensity  of  the  brightness  must 
be  less  where  it  is  depressed  ;  for  light  being  trans- 
parent, must  be  the  more  intense  the  more  it  is  deep.' 

Having  thus  described  the  most  striking  of  his  first 
scries  of  observations,  Herschel  now  proceeds  to  enun- 
ciate his  theory  respecting  the  solar  constitution. 

He  remarks,  in  the  first  place,  that  it  cannot  be 
doubted  but  that  the  Sun  has  a  very  extensive  at 
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sphere;  'and  that  this  atmosphere/  he  proceeds, 
'  consists  of  various  elastic  fluids,  that  are  more  or  less 
hcid  and  transparent,  and  of  which  the  lucid  one  is 
tbt  which  furnishes  us  with  light,  seems  also  to  be 
fully  established  by  all  the  phenomena  of  its  spots,  of 
tie  faculie,  and  of  the  lucid  surface  itself.  There  is 
no  kind  of  variety  in  these  appearances  but  what  may 
be  accounted  for  with  the  greatest  facility,  from  the 
continued  agitation  which  we  may  easily  conceive  must 
tftke place  in  the  regions  of  such  elastic  fluids/ 

Ader  dwelling  on  certain  illustrations  drawn  from 
the  clouds   in  our  own   atmosphere,  which  Hei*schel 
(rtrangcly  enough)  regards  as  '  probably  decom/positions 
of  some  of  the  elastic  fluids  of  the  atmosphere  itself,' 
Herschel  ]K)ints  out  that  the  analogy  of  our  own  atmo- 
sphere will  not  be  less  to  his  purpose  to  whatever  cause 
the  clouds  may  owe  their  origin.     *  The  lucid  clouds 
of  the  Sun,  so  to  call  them,  plainly  exist,  because  we 
see  them ;  the  manner  of  their  being  generated  may 
remain  an  hypothesis^  and  mine,  till  a  better  can  be 
proposed,  may  stand  good ;  but  whether  it  does  or  not, 
the  consequences  I  am  going  to  draw  from  what  has 
been  said  will  not  be  affected  by  it.'  • 

*  It  in  a  peculiarity  of  Sir  William  HerscberH  reasoning,  that  it  i.s 
nearly  nlways  divided  rerj'  definitely  into  two  portioiiH,  which  y^t 
many  who  study  his  writings  are  apt  to  confound.  We  find  certain  con- 
clusions on  which  Sir  William  Hersch^l  insists,  and  certain  hypotheses 
which  he  simply  enunciates.  Respecting  these  last,  he  has  perhaps  as 
often  been  in  the  wrong  as  in  the  right,  and  it  radicates  his  suip.'isin^ 
acumen,  that  so  eren  a  proportion  should  bo  observed  in  the  esse  of 
mere  hypotheses.  Respecting  the  former,  I  cannot  recall  one  instance  in 
which  he  has  been  proved  to  have  been  in  error.  Owing  to  his  singular 
clearness  of  me&tal  virion,  and  al«o  in  part  to  the  extreme  lucidity  of 
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Herschel  tlicn  states  that  he  regard*  the  spots  &» 
regions  where  the  atnios|ihere  is  free  from  luciJ  clondd, 
the  faeiiisc  as  regions  where  Nich  clouds  are  more 
numerous  than  elsewhere.  The  penumbra  being  gene- 
rally <lepre&$eil  about  half-way  between  the  level  af 
the  nncleutj  and  that  of  the  photoephere,  mu:^  of  couree 
he  fainter  than  other  parts.  '  No  spot  favourable  fur 
taking  measures  baring  lately  been  on  the  Sun,'  he 
adds, '  I  can  only  judge  from  former  sp]>earanceB  that 
the  regions  in  which  the  hiininous  solar  clouds  are 
formed,  adding  thereto  the  elevation  of  the  faeulie, 
cannot  be  less  then  1,R43,  nor  roach  more  than  2,76o 
miles  in  depth.  It  is  true  that  in  our  atmosphere  the 
extent  of  the  clouds  is  limited  to  a  very  narrow  com- 
pass; but  we  ought  rather  to  compare  the  solar  ones  to 
the  luininouB  decompositions  which  take  place  in  our 
aurora  borealis,  or  luminous  arches,  which  extend 
much  farther  than  the  cloudy  regions.  The  density 
of  the  luminous  solar  clouds,  though  very  great,  may 
not  be  exceedingly  more  so  than  that  of  our  aurora 
borealis.  For  if  we  consider  what  would  be  the  bril- 
liancy of  a  space  two  or  three  thousand  miles  deep 
filled  with  such  corruscations  as  we  see  now  and  then 
in  our  atmosphere,  their  apparent  intensity,  when 
viewed  at  the  distance  of  the  Sun,  might  not  be  much 
inferior  to  that  of  the  lucid  solar  fluid.' 
his  drscriplioiiB.  oiie  >e  mr;  apt  to  forgM  when  he  is  dncribiBK  mere 
hypothpasB,  llint  bt<  is  not  Jisciusiiig  ftablished  coDctnsiDns ;  and  lo 
this  probnbly  in  due  the  tscE  that  somp  of  hiH  warmrst  idmirvra  do 
-  him  tbo  injiutk'e  of  iDBistiiig  s»  i-aniestlj  on  Tjeirs  which  he  pat 
fonran]  nimplj  ss  hipoiheaea.  as  tboogh  tliej  had  bwD  ennndated  bj 
him  u  legitimate  deductioos  from  obiercrd  fucti. 
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I       From  the  luminous  atmosphere  of  the  Sun,  Herschel 

I    proceeds  to  the  opaque  body,  which  he  surmises  to  be 

I    of  great  solidity,  on  account  of  the  power  it  exerts  upon 

I    the  planets.     From  the  phenomena  of  those  dark  spots 

which  have  been  repeatedly  seen  in  the  same  place, 

'    '  uhI  otherwise  denote  inequalities  in  their  level,'  he 

suggests  that  the  Sun's  surface  *  is  diversified  with 

mountains  and  valleys.' 

Then  follows  that  remarkable  passage  which  every 
stadent  of  astronomy  knows  by  heart ;  but  which  yet 
(even  though  we  may  not  accept — as  I  confess  I  do 
not — the  opinions  suggested  in  it)  will  well  bear  re- 
petition : — 

*  The  Sun,  viewed  in  this  light,  appears  to  be  nothing 
else  than  a  very  eminent,  large,  and  lucid  planet,  evi- 
dently the  first,  or,  in  strictness  of  speaking,  the  only 
primary  one  of  our  system,  all  others  being  truly 
secondary  to  it.  Its  similarity  to  the  other  globes  of 
the  solar  system  with  regard  to  its  solidity,  its  atmo- 
sphere, and  its  diversified  surface ;  the  rotation  upon 
its  axis,  and  the  fall  of  heavy  bodies,  lead  us  on  to 
suppose  that  it  is  most  probably  also  inhabited,  like 
the  rest  of  the  planets,  by  beings  whose  organs  are 
adapted  to  the  peculiar  circumstances  of  that  vast 
globe.  WTiatever  fanciful  poets  might  say  in  making 
the  Sun  the  abode  of  blessed  spirits,  or  angry  moralists 
de\4se  in  pointing  it  out  as  a  fit  place  for  the  punish- 
ment of  the  wicked,  it  does  not  appear  that  they  had 
any  other  foundations  than  mere  opinion  and  vague 
surmise;    but  now  I  think  myself  authorised,  upon 


antranomical  pritieiplrM,  \n  prufxise  the  Sun  as  an  ic 
habiuble  world,  and  am  |>ersuaded  tliat  the  furegoiit, 
ubservatiune,  with  the  conclusions  I  have  drawn  frocV 
them,  are  fully  suflicient  to  answer  every  objectiiw* 
that  may  be  made  against  it.' 

Ilerachel  proceeds  to  consider  the  objection  found£<9 
iin  the  greut  heat  which  here  at  a  distance  of  so  manjf" 
millioim  of  miles  we  receive  from  the  Sun,  and  th» 
tremendous  nature  of  the  heat  which  c«nse(juently 
(one  would  Buppose)  must  affect  the  iuia^ne*!  inhabi- 
taut«  of  the  Sun.  Our  admiration  for  the  greatest 
iistronomer  of  modern  times  must  not  cause  us  to  lose 
sight  of  the  fact  that  the  reasoning  at  this  stage  of  the 
inquiry  is  founded  on  inexact  notions  of  the  nature  and 
laws  of  heat — though  not  such  as  in  his  day  could  have 
been  unfavourably  commented  upon  by  most  physii^ials. 
He  remarks  that  the  Sun's  rays  are  '  the  caui«e  of  the 
production  of  heat  by  uniting  with  the  matter  of  fire 
which  is  contained  in  the  substances  that  arc  heated.' 
He  then  instances  the  anow-covered  summits  of  lofty 
mountains,  and  the  cold  experienced  by  aeronauts; 
and  he  concludes,  '  that  we  have  only  to  admit  that  on 
the  Sun  itself,  the  elastic  fluids  comijosing  iia  atmo-  '' 
Nphere,  and  the  matter  on  its  sui-face,  are  of  such  a  \ 
milurc  as  not  to  be  capable  of  any  excessive  affection 
fi-om  its  own  rays,  which  seems  indeed  to  be  proved  by  | 
their  copious  emission.'  * 

•  After  noting  olher  powihlf  objectionB,  Sir  WilliHin  HerKliel — who  f 

Jt  diadnin  »t  limn  to  be  as  inrnginaiivp  and  fantiful  <□  Uiroriaiag  || 

1  and  scrupnlous  in  olacn-iug— proiweds  to  coneidcr  Iho  I 

(uuibilitj'  tlut  Uio  inluibiLants  of  the  Uoon  Bod  of  ihr  satellites  of  'i 


_l 
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In  a  later  paper  (commuDicated  to  the  Boyal 
Societj  in  1801)  Sir  William  Herschel  records  the 
Rsnits  of  further  observations.  He  draws  special  at- 
tention to  certain  characteristic  features  of  the  Sun's 
surface.  These  are,  first,  corrugationsy  which  he  re- 
gards as  elevations  and  depressions  causiug  the  mottled 
t|^)earance  of  the  Sun ;  secondly^  nodules^  or  smaller 
eleTations  in  the  corrugations  themselves  over  which 
they  are  distributed  as  bright  spots  ;  punctulationsy  or 
<ltfk  spaces  between  the  nodules;  and  pores  ^  or  ^darker- 
coloured  places  in  the  punctulations.  He  also  enters 
into  many  particulars  as  to  the  behaviour  of  spots, 
pores,  corrugations,  nodules,  and  so  on.  To  this 
valuable  paper,  as  to  the  other,  from  which  I  have 
quoted,  I  would  invite  the  attention  of  every  reader 

J'^piter,  Saturn,  and  Uranus,  regard  the  primary  orbs  round  which 

^hey  tmvel  as  m#»re  attractive  centres,  to  keep  together  their  orbits,  to 

^'rtct  their  revolution  round  the  Sun,  and  to  supply  them  with  reflected 

^'ght  in  the  absence  of  direct  illumination.     *  Ought  we  not,'  he  anks, 

'tocf^ndemn  their  ignorance,  as  proceeding  from  want  of  attention  and 

pJ^'per  reflection?     It  is  very  tr».e  that  the  Earth   and  those  other 

pliiDets  that  have  satellites  about  them,  perform  all  the  offices  that 

^^e  been  named  for  the  inhabitants  of  these  little  globes ;  but  to  us, 

*iio  hve  upon  one  of  these  planets,  their  reasonings  cannot  but  appear 

terv  d'^fective,    when  we  see  what  a  magnificent   dwelling-place   the 

JSarth  aflfords  to  numberless  intelligent  beings.     These  considerations 

ought  to  make  the  inhabitants   of  the   planets  wiser  than  we  have 

»Dppo»ed  those  of  their  satellites  to  be.     W«  surely  ought  not,  like 

them,  to    say,  *  The    Sun   (that   immense  glol>e,   whose    body   would 

much  more  than  fill  the  whole  orbit  of  the  Moon)  is  merely  an  attractive 

Centre  to  us.     From  experience  we  can  affirm  that  the  performance  of 

the  most  salutary  offices  to  inferior  planets  is  not  inconsistent  with  the 

dignity  of  superior  purposes ;  and  in  conpequence  of  such  analogical 

reasonings,  assisted  by  telescopic  views,  which  plainly  favour  the  same 

opinion,  we  need  not  hesitate  to  admit  that  the  Sun  is  richly  stored 

frith  inhabitants.* 


interested  m  solar  physics.  Here  I  shall  only  fjutv"^ 
two  observations  hearing  on  the  jwriodicity  of  the  dl^ 
turbances  which  affect  the  Sun's  surface.  We  haw- 
Been  tliat  in  1671  Cassini  had  for  a  long  time  notict?  '■ 
thfi  absence  of  Sun-spots.  But  on  July  5,  1795,  S«* 
"William  Ilerscliel  remarked  that  the  Sun  presentu** 
an  appearance  far  more  remarkable,  and  such,  he  re-^j 
marks,  as  differed  wholly  '  from  what  he  had  ever  secr^ 
before.  There  was  not  a  single  opening  in  the  whol^^ 
disc ;  there  were  no  ridges  or  nodnles,  and  nu  corruga— ^J 
tions,'  On  December  9, 1798,  he  noticed  that  a  eimilar^  I 
state  of  things  prevailed.  I 

We  may  sum  up  aa  follows  the  views  of  Sir  William     ! 
Herschel   a*  to  the  general  constitution  of  the  solar    t 
globe  and  surface : — He  sup{)OBed  the  Sun  to  be  an    ^ 
opaque  globe  surrounded  by  a  luminous  envelope.    He     1 
considered   that   this   envelope   is    neither    fluid   nor    ,^ 
gaseous,  but  consists  rather  of  luminous  clouds  floating    i 
in  a  transparent  atmosphere.      Beneath  this  layer  or    ' 
envelope  of  luminous  clouds  he  conceived  that  there    [ 
floats  in  the  same  atmosphere  a  laver  of  opaque  clouds, 
rendered  luminous  on  the  outside  by  the  light  which 
they  receive  from  the  outer  layer.    These  opaque  clouds 
protect,  according  to  thin  theory,  the  Bi>lid  and  rela- 
tively unilluminated  nucleus  of  the  Sun.    When  open- 
ings are  formed  in  the  same  region  in  both  layers  of 
clouds,  we  see  the  body  of  tlie  Sun  as  a  dark  spot.     If   t 
the   apertures    are   equally   large,   the   spot   will   be    i^ 
iniformly  dark;  but  if,  as  more  commonly  happens,   \ 
e  outer  aperture  is  the  greater,  the  dark  nucleus  of 
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tbe  spot  will  seem  to  be  Burrounded  by  a  dusky  border. 
If  the  upper  layer  alone  is  perforated,  a  dusky  spot 
without  any  dark  central  portion  makes  its  appearance. 
Henchel  supposed  that  those  spots  in  which  both 
Iijen  are  broken  through,  are  caused  by  an  uprush 
of  8ome  highly  elastic  gas  breaking  it6  way  through 
the  lower  layer,  and  then,  after  expansion,  removing 
the  upper  self-luminous  clouds. 

We  shall  see  that  while  all  the  facts  observed  by 
Hergchel  have  been  cx)nfirmed,  and  while  his  reasoning, 
^  far  as  it  relates  to  observed  facts,  has  been  abun- 
dantly justified,  some  of  his  hypotheses  have  been 
dw|)roved  by  recent  observations. 

I  pass  on  next  to  the  researches  of  Sir  John 
Herschel,  recorded  in  that  store-house  of  valuable 
^acts,  the  *  Results  of  Astronomical  Observations  at  the 
South  Cape.' 

Sir  John  Herschel's  observations  led  him  to  pay 
particular  attention  to  a  feature  of  the  solar  surface 
which  had  been  fii-st  noted  by  GaMeo.  The  spots 
are  confined  to  two  definite  zones,  extending  about  35°* 
on  each  side  of  the  equator  ;  an  intermediate  zone  to  a 
distance  of  some  8°  on  either  side  of  the  solar  equator 
being  ordinarily  free  from  spots.  Fig.  46  serves  to 
indicate  the  regions  where  spots  occur,  and  also  (where 

*  If  we  may  trust  an  obsen-ation  of  La  Hire's  (which,  however, 
Mr.  Carriogton,  than  whom  no  higher  authority  can  bo  cited,  is  dis- 
posed to  reject),  a  spot  lias  been  seen  as  far  as  70^  from  the  fijun's 
equator.  In  1846,  Dr.  Peters,  of  Altona,  saw  a  sfot  60°  65'  from  the 
equator,  while  Carrington  and  Capocci  have  each  seen  spots  about  46° 
from  that  circle. 


the  darkest  zonea  are  shown)  those  re^rma  ii 
■pots  occur  most  frequently 
and  attain  the  greatest  diineu- 
aions.  The  Sun  is  bo  placed 
in  the  four  views  as  to  show 
the  way  in  which  the  spot- 
Iwlts  are  actually  presented — 
1.  early  in  December;  II  early 
in  March;  HI.  early  in  .Tune  ; 
and  IV.  early  in  September. 
The  actual  dates  are  those 
indicated  under  the  several  fi- 
{^ures.  I  shall  have  to  diBCUBS 
further  on  those  researches  of 
C'arrington  and  others  intd 
the  luws  of  the  8uii'u  rota- 
tion and  the  {Kwition  of  the 
aolar  equator  •  on  which  these 
*  It  a  *ur|>riainp  iJrnl  in  Lnrkvpr'« 
f^emenlary  l/rttoim  if  Atirrmmn^,  out 

niil.T  aro  ])Mure8  ■Jmiit^  in  wbioh  tlii> 
■<ITwt«  uf  ihii  Sun'*  incliiiHtion  are  attn- 
lirUiiT  vxnfKfnili-d,  but  the  aucbor 
nrtimlly  Rt«n»  tliiit  in  S»pt(?ml»'r  xnd 
March  (MmiMpotiilinB  lo  figs.  3  nnd  i) 
llio  [Mllii  of  Ihr  flpnu  Hrr  (>b>>«rvnl  to 
tf  •i(irp/(i  PurYnl.  Tlin  i>  Uio  nmro 
ant uni thing,  liLfauH  whpDthiil  Imok  wiw 
publinhi^i  Mr,  locVjer  had  Innp  l>->»n 
nil  uliHTTrr  of  Mjlnr  pbraomcas ;  nnd 
tliu  iili||hl.  eiiturx  oF  the  cuirature  U  n 
[HKnllarltj  which  taa  linrdlj  enM^ 
BMl«t,  ofan  though  oharrralioDi  ara 
^eMlnuod  ouly  tar  n  tvw  diif  s  in  S«p- 
u  Msreh. 


dates    and    the     preaentalions    shown    in    fig.    -16    are 
ftiutMled. 

It  was  to  the  explanation  of  this  peciilinrity  ihat  Sir 
John  Herschel  clirecleil  his  chief  attention.  He  remarks 
llitt  the  very  existence  of  these  zones  '  at  once  refers 
the  cause  of  cpots  to  fluid  circulations,  modified,  if  not 
produced,  by  the  Sun's  rotation,  by  reasoning  of  the 
ytrftfone  kind  whereby  we  connect  our  own  system 
QftnUle  and  anti-trade  winds  with  the  Earth '8  rotation. 
Harn^  given  any  exciting  cause  for  the  circulation  of 
xttiMlepberir  fluids  from  the  pules  to  the  equator  and 
ba{4  again,  or  ricf  vrmd,  the  effect  of  rotation  will 
necessariiy  be  to  modify  those  currents  as  our  trade- 
ifinds  and  monsoons  are  modifietl,  and  to  dispose  all 
lloBe  meteorological  phenomena  (on  a  great  scale) 
vlueh  Mcompiiny  them  as  their  visible  manifestations, 
■n  tones  parallel  to  the  C([uator  with  a  calm  equatorial 
luoe  interposed.'  Thus  far,  be  it  observed.  Sir  John 
Herechel  is  dealing  with  obseirecl  facts,  and  pointing 
to  almost  inevitable  conclusions.  He  passes  on  {follow- 
ing in  this  re9[>ect,  as  in  so  many  others,  the  pro- 
cedare  of  bis  father)  to  hypothetical  considerations,  in 
dealing  with  the  question — Whether  any  cause  of  atmo- 
cpfaeric  circulation  can  be  found  in  the  economy  of  the 
San, '  so  far  as  we  know  and  can  comprehend  it  ? ' 

He  is  thus  led  to  the  inquiry,  whether  a  transparent 
atmosphere  extends  beyond  the  luminous  surface  of 
the  Sun.  He  mentions  the  deficiency  of  liglit  at  the 
borders  of  the  visible  disc  of  the  Sun,  remarking  that 
this  feature  is  so  obvious  that  he  is  surprised  it  should 


ever  have  been  controverted.  He  mentions  in  c< 
boration  '  the  extraordinary  phenomenon  of  the 
coloured  eolar  clouds  witnessed  during  the  total 
of  July  H,  1842,  which  must  have  floated  in,  and  bee  ^ 
sustained  by,  an  exterior  transparent  atmosphere.'  ^ 
And  he  suggests  that  this  atmosphere  must  extend  t' 
aoroe  distance  beyond  the  visible  disc,  because  th^ 
darkening  of  the  solar  disc  is  not  limited  to  the  im-^ 
mediate  neighbourhood  of  the  edge  but  extends  aom^ 
distance  witliin  the  disc.f 

Assuming  the  existence  of  such  an  atmosphere,  the 
rotation  of  the  Suu  would  cause  the  outer  surface  of 
the  atmosphere  to  take  up  an  oblately  spheroidal 
figure,  the  least  axis  of  which  would  correspond  with 
the  i«olar  axis  of  the  Sun.  '  Consequently,  the  ciguatoriai 
))ortion3  of  tliia  envelope  must  be  of  a  tbickuees 
dtflTerent  from  that  of  the  polar,  density  for  density,  so 
that  a  ditferent  obstacle  must  be  thereby  opposed  to 
the  escape  of  heat  from  the  equatorial  and  the  polar 
regions  of  the   Sun.     The   former   therefore   ought. 


•  WhMi  Sir  John  HaracliBl  thus  wrote.  1«S9  thoiiglilfiil 
wen  qu?Bl)oiiiiig  whethec  l.hrae  [irumlDeiiceH  boloug  to  tbu  Sua,  irheUin 
thtj  BMf  not  1m  luDU'  mingle,  or  pbeDoroeD*  of  Ihe  Kartii's  atmo 
■Jibcre,  or  HuhII/,  ahether  tliry  Lmv?  anj'  eitsleix^  at  all. 

t  Thi»  irgumenl,  howexer,  n  uot  strictly  sound.  Tho  extension  ot 
llifl  darkeniag  owt  tbe  disc  indicates  abnllawntss  rotlior  than  depth. 
This  is  oiuiiljr  seen,  if  we  conaidor  that  were  the  ufmoBpliare  iudefiuitrly 
dtap,  Ibo  liiminositj  of  the  diw  would  bo  UEiform.  In  Ihe  «ciiial  cue, 
of  course,  Uie  iitaias[ihet>e  ia  not  uniforml;  dense;  but  Mill  the 
ing  i»  ansioeouB,  and  the  ettunsion  of  tho  darkming  over  ihe  disc 
impliaa  •OialluwnesB  lalhi-r  thun  tlip  reverse;  lliough 
d.-eree  of  shullownesa  ua  would  foUow  in  the  cu»  of  an  atn.osphoi 
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sccordiogto  this  reasoning,  to  be  habitually  maintained 
It  8  different  temperature  from  the  latter.'  *  The  spots/ 
addg  Sir  John  Herschel,*  would  come,on  this  view  of  the 
wbject,  to  be  assimilated  to  those  regions  on  the  Earth's 
wrface  in  which^  for  the  moment,  hurricanes  and  tor- 
Mdoes  prevail — the  upper  stratum  being  temporarily 
cwried  down^vards,  displacing  by  its  impetus  the  two 
^taof  luminous  matter  beneath  (which  may  be  concei- 
ted as  forming  an  habitually  tranquil  limit  between  the 
opposite  upper  and  under  currents),  the  upper  of  course 
to  a  greater  extent  than  the  lower,  and  thus  wholly 
or  partially  denuding  the  opaque  surface  of  the  Sun 
lelow.     Such  processes  cannot  be  unaccompanied  by 
vorticose  motions,  which,  left  to  themselves,  die  away 
W  degrees   and  dissipate — with  this  peculiarity,  that 
their  lower  portions  come  to  rest  more  speedily  than 
tkeir   upper,    by    reason    of   the   greater  resistance 
telow,  as  well   as   the  remoteness  from  the  point  of 
wtion,  which   lies   in   a  liiglier  region,  so   that   their 
centre  (as  seen  in  our  water-spouts,  which  are  nothing 
but   small    tornadoes)    appears   to    retreat    upwards. 
Xow,  this  agrees  perfectly  with  what  is  observed  during 
the  obliteration  of  the  solar  spots,  which  appear  as  if 
filled  in  by  the  collapse  of  their  sides,  the  penumbra 
closing  in  upon  the  spot,  and  disappearing  after  it' 

With  all  deference  to  one  who  is  as  high  an  authority 
in  meteorological  and  tliermological  questions  (which 
are  both  involved  in  this  matter)  as  in  astronomical 
matters,  I  must  venture  to  point  out  what  appears  to 
me  a  flaw  in  the  reasoning  by  which  an  excess  of  heat 
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is  asai^ed  to  the  soUr  eqnator.  If  we  sssume  that 
the  depth  of  the  solar  atmosphere  is  really  greater  at 
the  solar  equator,  then  we  eannot  but  admit  as  an  in-, 
evitable  sequel  that  this  atmosphere  diecfcing,  as  it  does, 
(and  as  the  theory  itself  requires)  the  radiation  of  heat' 
from  the  solar  equatorial  regions  to  a  greater  extenti 
than  that  from  the  polar  regions,  would  cause  the 
former  regions  as  observed  by  us  to  appear  deficient 
in  heat-rays  (and  presumably  in  light-rays  aim).  The' 
deficiency  must  certainly  become  observable  if  the^ 
amount  of  heat  retained  in  this  way  were  adequate  to  ' 
produce  the  effects  described  by  Sir  John  HerscheL 

I  am  not  endeavouring,  be  it  understood,  to  negative 
the  general  conclusion  to  which  Uerschel  has  been  ted, 
that  a  difference  of  condition  really  prevails  between  ■ 
the  equatorial  and  polar  regions  to  a  degree  sufficing 
to  account  for  the  spot  zone  as  a  zone  of  solar  cyclones 
Very  probably  this  difference  of  temperature  subsists, 
and  almost  certainly,  whatever  the  cause  may  be,  tke 
spot  zone  is  a  zone  of  solar  tornadoes.  But  the 
imagined  action  of  a  deep  atmospheric  layer  over  the 
solar  equator  seems  incompatible  with  the  obser%'ed 
appearance  of  the  solar  disc. 

We  come  next  to  a  moat  important  scries  of  observa- 
tions directed  by  Schwabe,  of  Dessau,  to  the  determina- 
tion of  the  laws  according  to  which  the  number  and  size 
of  the  solar  sjjots  may  vary  from  time  to  time.  Such  at 
least  was  the  character  which  Schwabe's  researches 
eventually  assumed.  At  first  they  were  directed  to 
less  important  objects,  though  &om  the  beginning  the 
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obseTvation  of  the  Sun  on  every  day  when  its  face  can 
be  Been  formed  a  part  of  Sch wabe's  plan.  * 

His  observations  began  in  the  year  1826,  during 

'which  many  spots  were  visible  from  time  to  time  upon 

the  Sun's  face ;  indeed,  on  the  277  days  during  which 

the  weather  permitted  Schwabe  to  observe  the  Sun, 

there  were  but  twenty-two  on  which  no  spots  could  be 

«een.    In  the  next  year  there  were  even  more  spotd, 

«ncl  only  two  days  when  none  were  seen.     In  the  next 

two  years  the  Sun's  face  was  not  on  any  day  seen 

without  spots.      In   1830  only  one  day  occurred  on 

which  no  spots  could  be  seen ;  in  1 83 1 ,  only  three.    But 

• 

Jn  1832  there  were  no  less  than  forty-nine  days  (out 
of  270  on  which  observations  were  made)  during  which 
D0  8pots  were  seen.  In  1833  there  were  139  such  days 
out  of  267  ;  in  1834,  120  out  of  273  ;  in  1835,  18  out 
of244  ;  and  then  followed  four  yeare  during  which  not 
a  single  observmg  day  occurred  on  which  no  spots  were 
ribible. 

Schwabe  recognised  even  at  this  early  stage  of  the 
inquiry  (only  twelve  years  having  as  yet  elapsed  since 
he  began  his  researches)  that  a  certain  periodicity 
marks  the  occurrence  of  Sun-spots,  or,  rather,  the  re- 
currence of  years  rich  and  poor  in  such  j)heuomena. 
It  id  true  that  as  he  had  noted  but  one  full  i>eriod,  it 
might  seem  that  he  had  absolutely  no  evidence  on 
which  to  ground  such  a  view.  But  in  the  observation 
of  periodic  variations,  there  are  other  features  besides 

*  *  I  went  out  like  Saul/  ho  afterwards  said,  '  to  seek  1117  fktlicr  s 
asMii,  and  lo !  I  found  a  kingdom.' 

o  2 
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the  periiHlic  return  of  maxima  or  minima  to  guide  tbi 
experienced  obeerver.  The  progression  towards  ani 
from  tlie  maximum  or  minimum  \&  as  instructive  whentf 
carefully  watched  as  the  rceurrence  of  many  maxima. 
The  observer  requires  only  to  assure  himself  that  Uus 
progression  possesses  certain  characteristics,  to  feel 
assured  that  he  is  dealing  with  no  accidental  relatiooSt  ' 
hut  with  true  i>eriodic  changes.  These  characteristica 
are,  chiefly,  a  steady  (not  unifurm]  progression  from 
maximum  to  minimum,  and  vicf  versa,  a  rapidity  of 
change  midway  between  maximum  and  minimum  as  com> 
pared  with  the  rate  of  change  near  either  of  these  stages, 
and  a  certain  uniformity  of  chaiacter  in  the  progression 
towards  each  stage  (though  the  progression  from  mini- 
mum to  maximum  may  not  resemble  in  character 
the  return  towards  tlie  minimum).  These  charac- 
teristics Schwabo  noted,  and  he  felt  satisfied  that  the 
numerical  relations  of  the  solar  spots  vary  in  a  truly 
periodic  manner. 

But  he  felt  that  further  observations  were  necessary 
to  convince  the  scientific  world— always  alow  to  recog- 
nise new  truths,  or  to  accept  results  not  rendered 
palpable,  so  to  to  speak,  by  an  accumulation  of  evidence. 
He  laboured  on  therefore  for  twenty  more  years,  tra- 
cing the  gradual  increase  and  diminution  of  spots  in 
frequency  and  in  their  general  dimensions,  until  he  had 
completed  the  observation  of  no  less  than  three  complete 
oscillations  from  maximum  frequency  through  mini- 
mum hack  to  maximum  again.  It  began  to  be  felt 
that  Schwabe  was  establishing  his  case,  and  accordingly 
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the  scientific  societies  of  Europe  (somewhat  tardily,  It 
roost  be  admitted)  accepted  the  result  which  Schwabe 
had  demonstrated, — viz.,  that  the  solar  spots  increase 
»nd  diminish  in  frequency  and  size  in  a  period  of  about 
ten  years.  The  following  remarks,  addressed  by  the 
Kev.  Mr.  Main,  then  President  of  the  Royal  Astrono- 
mical Society,  in  awarding  to  Schwabe  the  Society's 
Gold  Medal  for  1857,  justly  express  the  importance  of 
^'hwabe's  researches : — 

'What    the    Council   wish    most    emphatically   to 

express  is  their  admiration  of  the  indomitable  zeal  and 

untiring  energy  which  Herr  Schwabe  has  displayed  in 

brinnrincr  that  research  to  a  successful  issue.     Twelve 

years  he  spent  to  satisfy  himself;  six  more  years  to 

**5itisfv,  and  still  thirteen  more  to  convince  mankind. 

For  thirty  years  never  has  the  Sun  cxliibited  his  disc 

^bove  the  horizon  of  Dessau  without  being  confronted 

^>y  Schwabc's  imperturbable   telescope,   and  that  ap- 

I>ears   to   have   happened  on   an   average  about   300 

days  a  year.     So  that  supposing  he  observed  but  once 

a  (lay,  he  has  made  9,000  observations,  in  the  coui*sc  of 

which  he  discovered  4,700  groups.     This  is,  I  believe, 

an  instance  of  devoted  persistence  (if  the  ^vord  were 

not  equivocal,  I  should  say  pertinacity)  unsurpassed 

in  the  annals  of  astronomy.     The  energy  of  one  man 

has  revealed  a  phenomenon  which  had  eluded  even  the 

suspicion  of  astronomers  for  200  years.' 

But   even  after  these   thirty-one  years   of  labour, 
Schwabe  continued  his  observations.     AVith  the  excep 
tion  of  a  few  weeks  during  which  he  was  unwell,  he  has 
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watched  the  Sun  as  perlinaciousiir  as  ever  until  tlie 
present  time.  The  results  of  his  labours  (so  far  as  the 
question  of  the  periodicitj  of  spot -frequency  is  con- 
ceTneil)arc  included  in  the  table  on  the  next  pag«. 

The  careful  etudy  of  iSihwahe's  results  (combined 
with  such  scattered  records  as  the  observations  of 
former  astronomers  siipplyl  has  led  Professor  Wolf, 
of  Zurich,  to  the  conclusion  thata  period  of  11-1 1  years 
(or  the  ninth  part  of  n  century)  is  indicated,  rather 
than  a  ten-yearly  period.  He  also  rccngnises  the 
existence  of  minor  periods.  '  He  finds,'  says  Sir  John 
Herschel,'  that  a  perceptibly  greater  degree  of  apparent 
activity  prevails  annually,  on  the  average  of  montlis  oi 
September  to  January,  than  in  the  other  months  of  the 
year ;  and,  again,  by  projecting  all  the  results  in  a  con- 
tinuous curve,  he  finds  a  series  of  small  undulations 
succeeding  each  other  at  an  average  interval  of  T-SS 
months,  or  Ofi37  of  a.  year.  Now,  the  periodic  time  of 
Venus  {225''},  reduced  to  a  fraction  of  a  year,  is  0"616, — 
a  coincidence  certainly  near  enough  to  warrant  some 
considerable  suspicion  of  a  physical  connection.'  A 
long  period,  estimated  at  about  fifVy-six  years,  has  also 
been  suspected. 

The  most  cursory  examination  of  the  numbers  in 
the  table  given  in  the  next  page,  suffices  to  indicate  the 
peculiarity  that  the  progression  from  minimum  to 
maximum  is  more  rapid  than  the  progression  from 
maximum  to  minimum.  In  other  words,  if  we  regard 
the  periodic  changes  of  spot-frequency  in  the  light  of 
B  series  of  waves — the  maxima  corresponding  to  the 
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crci»U  of  the  waves  and  the  minima  to  the  '  troughs' — 
tbci  front  ftlope  of  eacli  wave  is  more  abrupt  tlian  the 
rear  8lt)iie. 

One  of  the  most  remarkable  of  the  results  following 
Schwabo's  nobli!  discovery  was  tJie  recognition  of  an 
ftiHOciation  between  the  Sun-s]iot  period  and  raagnetie 
diMturbanecB  on  the  Earth. 

In  every  part  of  the  Earth  the  magnetic  needle  haa 
at  any  j^hcn  epoch  a  certain  definite  position  about 
which,  under  normal  eonditions,  it  would  OGcillate  during 
the  day.  Botli  as  regards  inclination  and  direction 
witli  respect  to  the  compass-pointe  (called  the  magnetic 
douliiiation),  this  position  may  be  regarded  as  determi- 
nate) at  least  for  every  fixed  observatory  ;  and,  further, 
the  Intensity  of  the  needle's  directive  power,  that  is, 
the  energy  with  which,  if  slightly  disturbed,  it  seeka  to 
recover  ita  position  of  rest,  may  also  he  regarded  as 
determinate.  From  year  to  year  all  these  magnetio 
elements  undergo  change  ;  but  with  these  changes  we 
are  not  here  concerned.*     Changes  of  a  much  more 

*  I  Bw;  iiDto  bar«  my  belief  tbnt  the  remgnuion  of  the  laws  afltbct- 
lag  die  •ocular  variKfion  of  the  Earth's  icagnpLlHin  voalcl  be  aimplificd 
if  ftlUation  iroro  priiiinrily  dinwlcd  to  ths  nrngnetiu  liues  detMrnined 
\>y  the  ineliMtion  of  the  nvedle,  instead  of  to  those  vhich  depend  on 
tin  itiWntil)'  of  tlie  dirocliTD  nction.  Full]'  ailmitting  the  freight  of 
Oenentl  Salilne'a  lU^uiiieiits  as  to  the  importance  of  tlie  iatensity,  and 
M  to  iti  beiJBg  the  more  psacDti&lt;  mn^r^ic  element,  as  it  vera  (noctlt 
tUld  saulh,  or  vrrtiral  itnd  hoiiiotital,  hnriDg  no  dirert  reUtioQ  to  T 
RiiTth'*  mnjnirtie  liircee),  I  jrt  cannot  but  regard  the  inclinatjon 
affiirdiiilt  'he  mot*  tnietworthy  means  of  determioing  the  geographical 
fnilures  (■<>  to  spwJ;)  of  lorresirinl  mugnetism.  As  the  matUr  U  of 
aomii  iuportanro.  1  will  exhibit  the  renaoiu  on  which  I  found  this 
upiDiun,  leaving  others  to  jadaV  whetlier  thef  nre  or  ore  not  lalid. 
I  iDtrniiljr.  ai  well  as  the  iudination  and  deelinalion  (which  logi 
a  OM  BWpNlie  CMtan,— tbo  position  of  rest),  ii  donbtleoi  tMteUd 
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minute  character^  and  the  changes  affecting  these 
changes  are  what  we  have  at  present  to  deal  with. 
!Each  day  the  needle  oscillates  gently  about  its  position 
of  rest,  the  oscillation  corresponding  to  a  very  slight 
tendency  on  the  part  of  that  end  of  the  needle  which 
lies   nearest  to  the   Sun  to   direct  itself  towards  his 

by  local  circumfitaDcefl ;  so  that,  superposed,  as  it  were,  (m  tho  normnl 

intensity,  thtre  is  :iii  intcn.sity  depending  on  Ioi*al  conditions ;  and  k<> 

in  like  manner,  as  to  the  inclination  and  declination.   Now,  the  question 

iiriito-js,  which  of  theso  two  fi'atiir<:«  is  liki-ly  ti>  b«  ni«>st  nitfnijicantly 

Affi-ottnl  by  these  doubth-ss  .nli^ht  pt^uliarities?     In  dct<-niiinin^%  t'or 

«-xJimpIe.  the  position  ol*  tlif  magnetic  equator  anil  jwilcs.  with  refiTencn 

to  inti-nMtv  or  incliuation,  would  the  error  duo  to  soni<:  small  increment 

or  dK'nrnient  of  intensity  cause  a  grwiter  or  1c>h  divenr<'nc*'  from  thr- 

troo  pr)*tition  than  a  piirrrsjxinilintrly  smjill  inrn*nji'nt  or  drcn-ini'nt  of 

inclination?     Tlic  answer  is  obvious.     The  inti-nsity-tYjuator  is  tho  lim* 

of  minimum  intensity,  and  tlie  intensity  polcH  arc  points  of  maximum 

iiitrDsity.     Near  a  niiniuiuni  or  a  maximum,  quantities  ch;inn^e  Tcry 

^l'»»ly.  and  thus  a  vr-iy  minute  in<'r»'mcnt  or  d«-«Ti-nj<-nt  would  lartridy 

^'Ml  the  ebtimatetl  place  of  minimum  or  maximum  intfu^^ity.     Hut  a 

wnTc-[.«indin^  incn.-nirnt  or  <brrenient  of   inclination  would  havr*  no 

f-uph  t:fSvci,  bec:MHc  I  lie  inciinatitiU  c!ianj:«-s  as  tjuit  kly  ni-ar  the  incliua- 

tion-i>i|uator  and  jviUs  as  on  any  inelination-latitu^b?. 

The  caye  may  fairly  be  comptired  to  the  determination  of  the  pco- 

?fajihical   efjuator  and    poles.      Undoubtetlly   ;rravity   is   a   far   mon* 

«^^ntially  terrestrial  element  than  the  elevation  of  the  pole  star,  or  of 

'he  true  pole  of  the  heavens;  and  also. undoubtedly,  the  Mirth's  eqimfor 

w  the  region  wliere  privity  is  least,  while  tli**  jxiles  are  n-irions  Mher** 

ffmvity  is  j^eat<st.     Vet  these  n-asons  arc  not  c"onsi«lrr«il  suffieient  to 

imlui.1-  us  to  takij  tho  fon'o  of  gnivity  as  the  most  sati>tactiiry  indication 

of  latitude,  or  to  lead  us  to  mark  down  as  the  tnu>  eqn:itor  of  th«' 

£irth   that   line  jilong  which  can-ful  obst-rration  shr>ws  that   pr.ivitv 

has  its  minimum  value.     We  know,  in  fact,  that,  howrver  excelb-nt  the 

observations  mi^ht  be,  the  deduced  line  would  ditfi-r  very  im[»<jrtantly 

from  the  true  erjuator. 

A  similar  oljwtion  may  !►«  urgwl  on  like  gp)un'ls  a:rain«»t  the  strr-s 
laid  on  the  position  of  the  lino  of  no  declination:  sirwr  tnan  tlw  vt-ry 
natuH'  of  this  lino  minute  local  peculiarities  mu-^t  eauM*  mornious 
imjfidariticfl,  and  (when  coupletl  with  secular  variations)  the  most 
rapid  and  remarkable  changes  of  figure. 
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'\.i..'-\      L  .«■;    i.xV.y   oscillation  is  itscit  variable  iB  t 
s\>:.rr»:i:ic  :*ui:iiitT.  not  only  with  the  progrej>s  of  the 
v'j:ir.  i.Hi:  wi:h   tluit   of  the  lunar  month.     The  daily 
05i«.*i' '.a::*'!!  a!<o  varies  at  times  in  a  sudden  and  irregdii 
TTiaitvor.      Ulie  needle  has  been  exhibiting  for  several 
weelv<  r  :u'  iii«\st  perfect  uniformity  of  oscillation.   Day 
lir'ivT  viav  rhc  careful  observation  of  the  needle's  pro- 
srrc^s  bus  revealed  a  steadv  swavinff  to  and  fro,  suck 
Hi»  »uiv  be  seen  in  the  masts  of  a  stately  ship  at  anchor 
i»n   r!tc  SiMrv'e-heaving  breast  of  ocean.      Suddenly* 
ch:i!!j:e  i<  T'oted;    irregular  movements  become  pe^ 
cepriMe   which  arc  totally  distinct  from  the  regular 
periodic  cs«.' illations.     A  magnetic  storm  is  in  progrefis, 
sTid    its   p ivgre ss   does   not   affect  only  the  place  of 
observation,  but  widelv-extended  remons  of  the  Earth; 
and  in  some  well-authenticated  instances,  these  magnetic 
vibrations  thrill  in  one  moment  the  whole  frame  of  tli® 
Karth. 

Lauiont,  of  Munich,  was  the  first  to  announce  tha* 
these  macuetic  disturbances  attain  a  maximum  oi 
frequency  in  j^eriods  of  about  ten  years.  This  was  iti 
18')0.  Two  years  later  General  Sabine  and  (in- 
dependently) Professors  AVolf  and  Gautier  noted  the 
coincidence  of  this  period  with  that  of  the  solar  spots. 
Of  course,  mere  coincidence  in  duration  was  not  the  sole 
circumstance  on  which  they  based  this  conclusion.  It 
was  the  coincidence  of  maximum  of  spot-frequency 
with  maximum  of  magnetic  disturbance^  and  of  mini- 
mum with  minimum,  -which  enabled  them  to  assert  the 
true  correspondence  of  the  two  periods. 
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I      Wolf  flabsequentlj  proved  that  the  period  of  mag- 

■  nedc  disturbances  has  the  length  of  1 1*1 1  years,  which 

■  lie  had  assigned  as  the  correct  value  of  the  solar  spot 
I  period. 

■  A  relation  so  strange  might  well  excite  grave  doubts. 

■  Coincidences  have  so  often  misled  men  of  science,  and 
I  indeed  it  is  so  certain  in  the  very  nature  of  things  that 
I  misleading  coincidences  must  occur,  that  physicists 
I  ^ere  justified  in  requiring  further  eridence.  Such 
I  evidence  fortunately  was  not  wanting.  Independently 
I  of  the  continuance  of  observation  and  the  close  cor- 
I  despondence  which  has  been  observed  during  the  past 

score  of  years  between  Sun-spots  and  magnetic  phe- 
'lomena,  an  occurrence  of  a  very  interesting  nature 
served  in  1859  to  place  beyond  all  possibility  of  ques- 
tion the  influence  which  solar  action  exerts  upon  the 
Earth's  magnetism.  I  have  so  often  described  the 
^^currence  in  my  own  words  that  I  think  it  well  in 
Ae  present  instance  to  give  the  words  of  the  two 
telescopists  by  whom  it  was  inc^ependently  observed, 
Specially  as  the  details  of  the  observation  have  re- 
cently been  called  in  question. 

On  September  1, 1859,  Mr.  Carrington  was  engaged 

in  taking  his  customary  observation  of  the  forms  and 

])ositions  of  the  solar  spots.    ^  I  had  secured  diagrams,' 

he  says,  *  of  all  the  groups  and  detached  spots,  and 

was  enffaged  at  the  time  in  countinjr  from  a  chrono- 

meter  and  recording  the  contacts  of  the  spots  with  the 

cross-wires  used  in  the  observation,  when  within  the 

area  of  the  great  north  group  (the  size  of  which  had 
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previously   excited  general  remark)   two   patches 
intoiisolv  brMit  and  white  light  broke  out'  in 
iiuddlo  of  the  group.     '  My  first  impression  was,' 
adds, '  that   by  some  chance  a  ray  of  light  had 
tratod  a  hole  in  the  screen  attached  to  the  object  gl 
by  which  the  general  image  is  thrown  into  shade,  fo 
the  brilliancy  was  fully  equal  to  that  of  direct  st 
light ;  but  by  at  once  interrupting  the  current  obse 
vat  ion,  and  causing  the  image  to  move  by  turning  tUI 
right   ascension   handle^  I  saw  I  was  an  unprepared 
witness  of  a  very  different  affair.     I  thereupon  noted 
down  the  time  by  the  chronometer,  and  seeins:  the  out- 
break   to  bo  very  rapidly  on  the  increase,  and  being 
MMUcxxliat    tbirried  by  the    surprise,   I  hastily  ran  to 
call    sotno   one    to   witness    the    exhibition    with  me, 
and    on    returning  within  60    seconds,  was   mortified 
to  tind  that   it  was  already  much    changed    and  en- 
focblcil.       \'crv  shortly  afterwards  the  last  trace  was 
gone,   and  although  I   maintained  a  strict  watch  for 
nearly    an    hour    no    recurrence    took    place.      The 
sjmUs    had    travelled    considerably    from    their    first 
pi>sitii»n,  and   vanished  as  two  rapidly  fa<ling  dots  of 
white   light.      The  instant  of  the  first  outburst  was 
not  fifteen  seconds  different  from   11  h.    ISui.   Green- 
wich mean  time,  and  llh.  23m.  was  taken  for  the  time 
of  disappearance.      In  this  interval  of   five  minntes, 
the  two  siK)ts  traversed  a  space  of  about  35,000  miles. 
It  was  impossible  on  first  witnessing  an  appearance  so 
similar  to  a  sudden  conflagration,  not  to  expect  a  con- 
siderable result  in  the  way  of  alteration  of  the  details 
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oi  the  group  in  which  it  occurred ;  and  I  was  certainly 
surprised,  on  referring  to  the  sketch  which  I  had  care- 
fallv  and  satisfactorily  (and  I  may  add,  fortunately) 
finished  before  the  occurrence,  at  finding  myself  un- 
able to  recognise  any  change  whatever  as  having  taken 
place.  The  impression  left  upon  mc  is  that  the  phe- 
nomenon took  place  at  an  elevation  considerably 
above  the  general  surface  of  the  Sun,  and  accordingly 
[  altogether  above  and  over  the  great  group  in  which  it 
was  seen  projected.  Both  in  figure  and  position  the 
patches  of  light  seemed  entirely  independent  of  the 
configuration  of  the  great  spot,  and  of  its  j)arts,  whether 
nucleus  or  umbra.' 

Mr.  Hodgson's  account  (written  before  he  had  ^  ex- 
changed any  information  '  with  Mr.  Carrington)  runs 
as  follows : — '  AVhile  observing  a  grouj)  of  si)ots  on 
September  1,  I  was  suddenly  sur2)rised  at  the  apj)car- 
ance  of  a  very  brilliant  star  of  light,  much  brighter 
than  the  Sun's  surface,  most  dazzling  to  the  protected 
eye,  illuminating  the  upper  edges  of  the  adjacent  spots 
and  streaks,  not  unlike  in  effect  the  edging  of  the 
clouds  at  sunset ;  the  rays  extended  in  all  directions ; 
and  the  centre  might  be  compared  to  the  dazzling  bril- 
liancy of  the  bright  star  Alpha  Lyra)  when  seen  in  a 
large  telescope  with  low  jK)wer.  It  lasted  for  some  five 
minutes,  and  disappeared  instantaneously,  about  llh. 
25m.  A.M.'  It  seems  probable  that  whereas  two  spots 
were  seen  by  Mr.  Carrington,  who  observed  the  solar 
image  projected  on  a  screen,  these  were  blended, 
owing  to  their  extreme  brilliancy,  into  the  semblance 


of  a  siDgle  spot  when  observed  in  tbe  telescope 
by  Mr.  Ilodg; 

At  the  moment  vhcn  the  Sun  was  thus  disturl 
the  magnetic  instruments  at  Kcw  exhibited 
signs  which  indicate  the  occurrence  of  a  m; 
storm.  '  It  was  found,'  says  Dr.  Balfour  St«wi 
'  that  a  magnetic  disturbance  had  broken  out  at 
very  moment  when  this  singufar  appearance  had  I 
observed.'  But  this  wa^  not  alL  A  ma^etic  storm 
never  rages  without  accompanying  signs  of  disturbaDcc. 
Auroras  in  both  hemispheres,  and  die  interruption  of 
magnetic  communication  all  over  the  Earth,  are  the 
signs  of  a  great  magnetic  storm.  Both  these  evidences 
of  great  disturbance  were  afforded  during  the  boon 
which  followed  the  solar  outbreak  witnessed  by  Cai^' 
rington  and  Hodgson.  Vivid  auroras  were  seen  not 
only  in  both  hemispheres,  but  in  latitudes  where 
auroras  are  very  seldom  witnessed.  Even  in  Cuba  the 
sky  was  illuminated  br  the  auroral  radiance.  Strong 
e art h-cur rents  were  observed  along  telegraphic  lines, 
and  these  currents  continually  changed  their  direction, 
e  all  the  time  the  magnetic  needles  in  fixed  ob- 

■vatories  were  kept  markedly  on  one  side  of  their 
normal  jKJsttion,  '  15y  degrees,"  says  Sir  John  Her^- 
chel,*  '  accoimts  began  to  pour  in  of  great  auroras 

*  I  hiiTe  been  careful,  it  will  be  nutii^cd.  to'  quote  ihe  vdrdi  of  mknf  'I 
anthoritira  id  denling  with  tbia  matli^r.  Tbe  anouut  I  piro  in  nif  J 
Other  iVorldi  lian  0«ri  ba«  boea  Garilli-d  al  bj  tlie  Ciirili&a  Pt«fta 
gf  A^tronamj  as  if  it  had  been  baBHl  on  imoftiiiAtion ;  eo  tb«t  1  tM 
tbougbl  it  well  to  rp-ciamine  the  rpconls  aad  slHtementf  &ma  whiA  J 
Ibat  account  was  ccitlly  lulcea  (lliough  bj*  ibe  Kid  o!  meaxorj  mstMd  of  "I 
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the  nights  of  those  days,  not  only  in  these  latitudes 
but  ut  Kiime ;  in  the  West  IndisB ;  on  the  tropica 
ifitfiiu  IS"  of  the  equator  (where  they  hardly  ever 
ipp«ar) ;  nay,  what  is  still  more  Gtriking,  in  South 
Aratrica  and  in  Australia, — where,  at  Melbourne,  on 
the  night  of  Se|)tember  2,  the  greatest  aurora  ever 
(e«n  ihere  made  its  appearance.  These  auroras  wexe 
JMompanied  with  unusunlly  great  electro-magnetic  . 
*listarbances  in  every  part  of  the  world.  In  many  ' 
jiwes  the  telegraphic  wires  struck  work.  They  had 
loo  mauy  private  messages  of  their  own  to  convey. 
Al  WHshlngtuii  and  Philadelphia,  in  America,  the 
m^aphic  signal-men  received  severe  electric  shocks. 
At  a  station  in  Norway,  the  telegraphic  apparatus 
»ia  set  fire  to;  anil  at  Boston,  in  Nortli  America,  a 
Saiao  of  fire  followed  the  pen  of  Bain's  electric  tele- 
graph (which  writes  down  the  message  upon  chcmically- 
prepftred  paper).' 

It  is  demonstrated  then  that  some  association  exists  . 
Between  tlie  disturbance  i>l'  the  solar  photosphere  and 
U>e  phenomena  uf  terrestrial  magnetism,  Wliat  the  I 
Wtiire  of  the  association  may  be  is  not  ho  clearly  ap-  | 
ftfEnl.  A\'e  have  seen  tliat  the  solar  spot  period  baS  J 
^oeu  supposed  to  he  asaociateJ  by  AVolf  with  the  mo-  I 
iKnig  of  the  planets,  and  we  shaU  presently  see  that  the  ] 
Jitienomena  of  spots, — as  their  chauge  of  form  and  of  size,  T 
•w  n;gii>nB  in  which  they  appear,  and  so  on, — have  been  | 


AkhoQgh  KeVBral  yeun  had  elapsed  si 
to  iiot  Had  iliut  mj  Mtouut  t«4iur«l  ton 
tl  (Hrticulur. 


e  I  rewl  thoH'9 


2o8  THE  SVK. 

conceived  to  depend  on  the  [jlanetary  motions.  If  i 
views  be  coirccl,  we  should  have  to  account  for 
of  oBSOciatiun  tjGtvreen  the  plaaelary  motions,  tei 
trial  magnetism,  and  solar  spots.  But  which  of  ll 
three  orders  of  phenomena  should  be  regarded.as 
cause  of  ihe  others ;  or  whether  the  association  be  of ' 
nature  of  cause  and  effect,  and  not  rather  due  lo 
ae  yet  unknown  common  cause  of  the  two  latter  cl 
of  phenomena ;  or  whether,  finally,  the  planets'  motitXWil 
without  being  the  direct  cause  of  the  other  phenomei*> 
yet  indirectly  brings  them  about,  remains  to  be  d*' 
termined." 

Let  us  next  turn  to  Mr.  Carrington's  researched 
intimately  associated  with  Schwabe's,  and  among  tb< 
most  imiKirtaut  of  all  the  contributions  which  haH 

. 
*  I  woulil  point  out,  howoTOT,  that  Ihe  fOMidenitioD  of  Iha  mm> 
cintina  bcrre  dlai^ustied  led  Gnneral  Sabine,  ProfeaHor  Challis,  uid  Df, 
Stewart  to  inquire  whetber  Cbu  coloured  proiniaeniws  of  thp  Son  nq 
not  be  due  tu  suliir  nurumti.  Since  wenovknowtlintthepramuiaaocaanf 
Dot  of  tbJH  nature,  may  wci  oiit  t^'ansfri'  tbe  Buggeation  to  tite  mUi 
corona  niid  ibf^  raidiuod  light?  May  not  these  be  iho  true  eolal 
HiiToras?  Tbe  Utter,  at  anjr  rate,  gives  Ibe  Mine  spoctrnm  m  tbt 
nurom,  and  llie  former  giTea  a  spectrum  doaeJy  aDnlogons.  Ifj 
BB  Oenenil  Saliinc  suggpiils,  an  aurora!  outbumt  in  Ihe  Son  'inaj 
poihapB  be  roBpundfit  lo  aintultannto^;  b;  tbe  diSBrenl.  planets,  ao  tlntf 
tbd  whale  eular  systtim  would  seem  tu  Ibrili  almoat  like  a  I 
under  tbe  mngnetie.exdteiueiit,'  it  Bpema  at  leiut  probable  tbst  th* 
aolar  anroma  would  extend  to  distanFcs  enomioiiBl;  exceediog  UioM 
■tcalgoed  tbem  when  the  pramineuceB  were  taken  to  be  si 
Aud  ae  we  bare  nbundant  DTideace  that  t^rrstrial  auroras  occur  wbeq 
the  atmosphere  baB  an  JDConceivable  rarity,  it  would  sewni  pomibtl 
Ib'it  under  tbu  ononnouE  action  of  tbe  Sun,  eTan  Ibe  quasi 
tbe  iat^irplnnetary  spaces  might  be  traversed  bj  elecfi-iral  dJMliu^cK 
The  molPoric  eyslems  occupji'ing  more  or  lees  densely  Ibe  whula  oU 
tbi4iu  Hjiai-eB.  nould  &eem  Ui  aHbrd  Uie  requisite  cbnnnel  for  this  eluctrio^ 
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c^een  made  in  recent  times  to  our  acquaintance  with 
tolar  physics. 

The   object    to  which    Mr.   Carrington    specially 
devoted  his  energies  was  the   endeavour  to   detect 
Kgalarity  in  the  distribution  of  the  spots,  the  determi- 
Bation  of  the  true  period  of  rotation  of  the  body  of  the 
Son,  and  the  detection  of  *  systematic  movements  or 
currents  of  the  surface,  if  such  existed  in  a  definable 
nuuiner.'    In  these  researches  he  perfectly  succeeded. 
It  would  be  desirable  if  space  permitted  to  describe 
Harrington's  method  of  observation,  and  the  exact  and 
systematic  processes  by  which  he  deduced  his  results. 
*  must  be  content,  however,  so  far  as  these  points  are 
concerned,  to  refer  the  curious  reader  to  Carrington's 
voluminous  and  masterly  treatise,  in  which  also  will  be 
found  an  interesting  account  of  the  results  obtained 
ky  former  observers.     Here  I  have  room  only  for  the 
conclusions  to  which  he  was  led  by  his  series  of  obser- 
vations, which  commenced  in  the  year  1853  and  ended 
in  the  year  1861. 

He  discovered,  in  the  first  place,  that  the  discrepan- 
cies between  the  values  formerly  deduced  for  the 
Sun's  rotation,  arise  from  real  differences  in  the  velo- 
cities with  which  the  spots  move  in  different  solar 
latitudes.  Near  the  equator  a  spot  moves  at  a  rate 
indicating  a  more  rapid  rotation  than  in  higher  latitudes. 
Further,  even  among  spots  in  the  same  latitude,  proper 
motions  may  be  recognised.  These  latter  motions  arc 
to  be  regarded,  however,  as  abnormal,  and  simply 
rendering  unreliable  such  observations  as  are  made  on 

p 


but  a  few  ?pots.  The  peculiarities  afTccting  the  motioiia 
of  ci|K>ta  in  diD'etent  latitudes  have  been  reduced  bj 
5Ir.  Ciinington  into  a  formula.'  The  following  tabla 
gives  the  observed  rates  of  rotation  for  different  lat>> 
tudea  (the  formula  being  based  on  these  values) ; — 

eiiD'a  rotatlHi'peHod.  Boutloo  pur  dq-. 
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■  Thii  fonnulft  ia  m  folloim ;— Let  {  be  ihe  uigli'  throngh  whiA 

part  of  Uie  Sun  in  latitude  X  rotRCtra  in  one  da;.    Thea 
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8pdr«r  gircH  tbe  fummln 

t  -  16"-8i:5  -  3--3812  (sin  X  +  41"  13^. 
t  It  i>  mnarkable  ctiLt  in  all  Bouihem  latitades  the  ol 
DiraD  rotntioQ  U  1pm  than  in  the  corresponding  Dortliem  Ul 
it  doublfoi  whether  we  hare  in  thie  relntioti  xn;  indication  of 
CKiua  of  the  ohecTTed  v&riationii  in  the  nte  of  rotation, 
peculiwilj  which  would  have  diBappearci!  in  a  lonpr  serieBof 
tioni.  In  faTour  of  the  fontier  view,  we  have  the  considerati 
th>  deteiminstion  fur  ench  Bouthurn  as  wtl]  us  for  eitcli  nonbem  Uli> 
tudu  waa  independflDtl^  effected,  so  that  the  coinL-id>>nci>  of  the  i*«aJI 
IDdicKtfi  the  exial«Qce  of  some  Teal  rnuse.  If  Sir  Juhn  Herachrl  i 
ri({ht  in  considering  that  the  more  rapid  rotntion  near  the  suUr  x^iutii 
implies  the  action  of  external  mittter  in  maiDtitiuing  the  raiAtion  of  the 
pliolocphero,  it  nny  be  sugireetcd  Ihit  the  northeru  surface  of  ths  San 
b«li^  dinotod  NUiswhat  luurc  fully  towards  tluit  region  whitlier  the : 
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I  shall  have  occasion  to  dwell  further  on  upon  the 
fiinrnificance  of  the  varying  rotation-period  deduced  for 
diflTerent  solar  latitudes.  This  result  of  ^Ir.  Carrington\s 
labours  cannot  but  be  regarded  as  one  of  the  most  im- 
portant contributions  recently  made  to  our  knowledge 
of  solar  physics. 

Si)orer  has  re-examined  the  whole  subject,  taking 
into  account  later  observations,  and  in  particular  those 
which  have  been  made  by  Fr.  Secchi.  The  following 
table  includes  the  general  elements  of  the  solar  rota- 
tion as  deduced  by  Carrington  and  Spurer,  and  reduced 
by  Secchi  to  the  year  1869 : — 


Elements 


Carrington        I  SiKirer 


lyiDjritude  of  node  of  solar  equator 
■  In«;linatir)n  of  svlar  equator 
I  I>iurD>il  rotation 
'  Kotntion- period 
»     


TS^T)?'  I  74037' 

7    15  ;  0   .07 

14    18  I  14    26*64       ; 

20''-  38  I  2b^-  2340        I 


(Xo  weight  can  be  attached  to  the  last  two  decimal 
figures  in  Sporer's  value  of  the  diurnal  rotation  and  the 
rotation  period.)  In  fig.  46  the  varying  presentation 
of  the  Sun  towards  the  Earth  on  account  of  the  inclina- 
tion of  his  equator  to  the  Earth's  orbit  is  exhibited  as 

proper  motion  is  carrying  him  (see  the  concluding  chapter  of  this  work, 
and  the  illustratirc  cuts),  would  probably  be  more  exposed  to  the  influ- 
ence of  this  external  action — 'the  frictional  impulse  of  circulating 
planetary  matter  in  process  of  subsidence  intr>,  and  absorption  hy. 
the  central  body* —  much  as  our  northern  hemisphere  is  Halute<l 
with  a  larger  number  of  meteoric  missiles  from  June  to  December, 
when  the  northern  hemisphere  is  in  advance,  than  from  Decemlier  t^i 
June,  when  this  hemisphere  is  towards  the  more  sheltered  side  of  the 
Earth. 

p  2 
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exactly  as  possible.     On  or  about  December  6 
Eartb  crosses  the  plane  of  the  Sun's  ecjuator  (pil 
southwards),  and  then  the  Sun  is  presented  aa  ut  I 
46.  Three  months  later,  the  Earth  reaches  her  g 
distance  south  of  the  solar  equator,  so  tliat  on  oi 
March  6   the  Sun  is  presented  as  at  ii.     On  a 
June    5    the   Earth   again    crosses    the  plane    of  l| 
solar  equator,  this  time  passing  northwards,  and  tl 
Sun   is   presented  as  at   lll.      Lastly,  on  about  Sejl 
tember  5,   the   Earth   reaches   her  greatest   distant 
north  of  the  solar  equator,  and  the  Sun  is  presented  « 


The  observations  of  Schwabe  and  Carrington  htli 
been  continued,  under  improved  conditions,  by  De  I 
Rue,  Stewart,  and  Loewy,  The  powers  of  phot<igraphyJ 
under  the  able  superintendence  of  Mr.  De  La  Ruet 
have  been  applied  to  secure  records  of  the  aspect  of  thj 
solar  disc  on  every  clear  day.  But  independently  ol 
the  valuable  series  of  records  thus  obtained,  the  tbi'el 
])hysicists  above  named  have  undertaken  a  careful  sera 
tiny,  not  only  of  the  solar  photographs  taken  at  Craif 
ford  and  afterwards  at  Kew,  but  of  the  observationi 
made  by  former  students  of  the  solar  surface.  Accumu 
luting  a  vast  mass  of  records,  they  have  applied  proj 
cesses  of  statistical  research  to  educe  any  informatics 

■  The  date  (or  any  jaar  can  alwHys  be  detennineil  from  thp  alniiuuJ 
It  is  only  necfsBury  to  not*  whfn  ihe  Sun's  longitude  is  180°  4  Hi 
Inugitiide  of  node  lit  Sun's  wjuntor  (say  180°  +  7-t°.  or  26*").  In  lik 
manner,  the  Eanh  Lb  ngaln  in  the  plune  of  the  uoliir  Wjuatur  when  iH 
^un's  longitude  is  nbout  71°.  Tbe  solar  longitude  is  giTen  for  rneh  dij 
in   Hannatf)  Almanae,  in  tJie  last  column  or  the  first  page  for  etai 


^        sTrnr  uf  the  srx's  surface. 

rtsjiecting  the  Sun,  wliich,  though  in  reality  containec 
ill  ubpervations  already  made,  may  not  lie  at  or  evei 
tear  ilie  surface.* 

luthe  three  papers  by  De  La  Rue,  Stewart,  ant^l 
Li>ewy,  entitled  '  Researches  on  Solar  Physics,'  we  fi 
, I U extension  and  elaboration  of  the  modes  of  research  j 
npbyed  by  Wilson,  Schwabe,  and  Wolf.  WheraJ 
Wilson  inquired  into  the  behaviour  of  individual  spots*] 
pur  tliree  allies  discuss  the  peculianties  presented  byl 
huiilreds  of  e]>ots.  Where  Schwabe  discussed  thfti 
BUmber  of  new  groups  of  spots,  they  consider  the  are»l 
of  tlie  spotted  portion  of  the  Sun's  surface.  And,  lastly,  J 
•here  Wolf  examined  the  evidence  which  the  nume-4 
ricsl  statistics  respecting  spots  afford  in  favour  of  the'l 
theory  that  the  planets  exert  an  influence  on  the  solar  1 
tDvelopes,  De  La  Uue  and  his  colleagues  inquire  into] 
the  behaviour  of  individual  spots  as  they  approach  or! 
the  region  towards  which  the  several  planets  lie#  I 
tHey  examine  the  general  distribution  of  spots  i 
■{KCta  proximity  to  the  equator  under  certain  circuin-  1 
Mnoes  of  planetary  position,  and  by  discovering  othe^l 
Ke  peculiarities  they  obtain  evidence  altogether  dis 
character  from  that  adduced  by  Profcssoivj 


Ikmg  fit^t  the  question  whether  the  umbrie  of  spots  j 
low  the  level  of  the  pUotoephere,  the  inquirers] 
6  605  observed  cases  of  spots  having  measurable  1 


lining  sign  of  progivss  wban  studpnts  of  K 
K  lltcInlHjuniafotliei'rtas  nell  lustlinlr  o«b 
■t  of  bdng  Cklled  mere  iheorisu. 


penumLriG,  and  they  find  that  wliile  in  eeventy-fire  in- 
Blances  the  pemimbra  is  equal  on  both  sides  (referring 
to  Dr.  "Wileon'tt  niiKle  of  dealing  w-ith  the  question),  in 
456  iDEtaiices  the  ]ieniiinbra  was  widest  on  the  siJe 
nearest  the  limb,  while  in  Beventy-foiir  the  pemimlira 
was  narroweet  on  that  side.     Hence  the  percentage  in 
favourable  instances  is  75*37;  of  unfavourable  Cfit*s> 
12'23;  and  of  neutral  cases,  12*40.*     This  seems  !« 
]»lace  the  existence  of  a  real  depression  beyond  qucStioOi 
while  at  the  same  time  it  demonstrates  the  truth  ot 
what  Carrington  has  said  respecting  Wilson's  obse^ 
vations, — that '  there  is  more  variety  in  the  appearances 
than  Wilson  confesses  to,  and  there  are  marked  depar- 
tures from  his  description  of  form,  which  is  rather  one 
specific  type  out  of  several  which  might  be  adduced, 
and  will  be  familiar  to  every  one  when  photography 
has  furnished   us  with  forms  on  which  all,  whether 
observers    or   not,   may    rely.'     I   would   invite   the. 
special  attention  of  the  reader  at  this  point  to  Plate 
where  Jlr,   Browning  has  delineated  a  case  in  which 
two  spots  close  by  each  other  exhibit  altogether  dif- 
ferent characteristics,  one  agreeing  with  Dr.  Wilson's 
description,  the  other  presenting  an  opposite  peculiarity. 
I  was  ranch  struck  with  the  great  variety  observable 
in  this  respect,  when  I  was  drawing  the  picture  which 


04,  and  t.lint  of 
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Mrates  this   chapter  (Plate  II.),  though  the  low 
I  emijloyed  did  not  iwrmit  me  to  see  the  minuter 

lUils  of  tlie  spots.* 
I  Jfext,  investigating  the  relative  position  of  epotaand 

Wir  accompanying  faculo;,  our  inquirers  find  that  out 
of  1,137  spots,  584  have  their  faculai  either  wholly  or 
mostly  on  the  left — that  is,  behind  them,  as  respecta 
the  motion  of  solar  rotation,  508  have  the  faculio  nearly 
cqunliy  on  both  sides,  while  only  forty-five  have  their 
laculic  mostly  on  the  right.  '  The  most  natural  ex- 
planation of  this  would  be,'  they  say, '  that  the  facuJEe 
of  L  spot  have  been  uplifted  from  tlie  very  area 
ecupied  by  the  spot,  and  have  fallen  behind  to  the  lelt 
n  being  thrown  up  into  a  region  of  greater  velocity 

Station.' 

SThirdly,  they  attack  the  following  question ; — '  Is  a 
1  including  both  umbra  and   penumbra,  a  pheno- 

lon  which  takes  place  beneath  the  level  of  the  Sun's 
wphere  or  above  it?'     They  note  in  evidence  on 

(  matter,  that  there  are  many  instances  in  which 


F  Tbe  trIracop«  I  smplojed  wot  n  very  amnll  oae,  alxrat  Sjf  inches  in 
I  osod  «n  ordinaO'  pracling  eje-piecp.  having  a  power  of 
Thua  Hpen.  tlio  Sun  appeared  in  tliD  middle  of  a  Itii^o  field, 
I  could  tcarcfly  luve  believed  that  I  should  hava  b«cn  able  to 
pue  tba  featureB  I  hod  aeea  with  larger  tplsHCopM  and  higbir 
1  never  bt^fnre  ciRmiued  the  Sun  with  ■□  low  a  potrvr  (for 
Sffan  iMfure  t\\a  dny  on  which  the  design  for  Plate  It.  irasdnKVP  1 
d  tew  uppoTtuoitiee  for  observatioa),  and  it  was  with  a  Benie  of 
nituidaralili  pleaiur''  that  I  found  the  familiar  fraturei  coming  i^lPlLrlf 
into  new  a>  1  KTUtiniaed  the  tin;  image  more  ud  more  seorehiiigly.  I 
fcnnil  mjTHlf  ablr?  to  oomprrhr-Dd  better  thnn  ever  before  how  Qaliteo 
With  hie  (mail  leloacope  nud  low  powez  \Z0)  bod  been  able  to  delect  lo 
nwf  ((ktiirM  of  the  Sim's  surliice. 
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*  a  bridge  of  luminous  matter  of  the  same  a] 
lumiDoaity  as  the  eurrounditig  photosphere, 
companied  by  any  penumbra,  appears  to  cross  over  tlm* 
umbra  or  centre  of  a  spot,'  Detached  portione  c»' 
luminous  matter  are  also  seen  at  times  to  move  scros^ 
ft  spot  without  producing  any  permanent  alteratioiff  ■* 

*  On  these  accounts,'  say  the  inquirers, '  we  are  dispose*:^ 
to  think  that  a  spot,  including  both  umbra  and  penum^''^ 
bra,  is  a  phenomenon  which  takes  place  beneath  th^^ 
level  of  the  brighter  part  of  the  Sun's  ]>hotosphere, 
Summing   up  the    results   of   this    portion   of  their 
researehes,  they  express  their  belief  that, — 

1.  The  umbra  of  a  spot  is  nearer  the  Sun's  centre 
than  the  penumbra,  or,  in  other  words,  it  is  at  a  lower 
level. 

2.  Solar  faculffi,  and  probably  also  the  whole  pho- 
tosphere, consist  of  solid  or  liquid  bodies  of  greater  or 
less  magnitude,  either  slowly  sinking  or  suspended  in 
equilibrium  in  a  gaseous  medium. 

3.  A  spot  including  both  umbra  and  pennmbrt 
is  a  phenomenon  which  takes  place  beneath  the  IbtcI 
of  the  Sun's  photosphere. 

As  respects  the  sequent  series  of  researches  by 
which  Messrs.  De  La  Rue,  Stewart,  and  Loewy  hare 
endeavoured  to  estimate  the  influence  of  the  planets 
upon  the  solar  spots,  it  is  to  be  remarked  that  the 
evidence  adduced  seems  as  yet  not  wholly  decisive. 
They  believe  that  it  has  been  rendered  probable  that 
Venus  exerts  a  special  influence  on  the  solar  spots, 
and  that  the  conjunctions  of  the  planets  also  affect 
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Umportantlv   the  condition  of  llie  aular   photo8|)here. 

There  is  room,  in  my  judgment,  i'or  some  doubt  as  to 

the  justice  of  either   conclusion.     It   should  not  be 

(brgotlen  that  the  planetary  system  presents  so  many 

periodic  relations  as  to  render  it  alinoBt  certain  that 

My  obaerved  periodic  changes  in  the  Sun's  condition 

nay  be  Besoci&t«d   statistically  with  some   period  of 

pUnetary  motion— sidereal,  synodical,  nodical, or  other- 

*ai.*     There   Ja   a    remark    towards   the    close   of 

Cwrington'a  vohime  on  the  solar  spots,  which  bears 

^wy  significantly  on  this  subject.     After  exhibiting 

'he  relation  between  the  phenomena  of  the  solar  spots 

(»8  tabulated  by  Professor  Wolf)  and  Jujiiter's  varla- 

tiinis  of  distance,  he  says,  that  'from  the  year  1770, 

there  is   a  very  fair   agreement  between  maxima  of 

frequency  and  maxima  of  Jupiter's  radius  vector,  and 

between  minima  and  minima;'  .  .  .  but  '  in  the  two 

periods  which  precede  that  date  there  appears  to  be  a 

total  disagreement."     '  It  is  important,'  he  then  adds, 

'  to  see  before  lis  an  instance  in  which  eight  consecutive 

cases  of  general,  but  imperfect  agreement,  between  the 

variations  of  two  physical  phenomena,  are  shown  to  be 

inauiGcient  to  base  any  conclusion  upon,  at  the  same 

time  that  they  powerfully  stimulate  further  inquiry 

with  the  view  of  ascertaining  whether  the  discrepancy 

may  admit  of  future  explanation.' 

•  I  wa«  much  Btruflk  with  this  fiirt  when  perusing  a  TalunUe  rontri- 
btltion  b;  ProfrSHor  Kirkwood  to  the  subject  of  pUneMr;  iofluoncea  on 
•ohir  phfDomciia.  His  long  Biperirnce  in  dealing  with  such  idsCIms 
•n«h!r«  him  to  eihibit  relation  aftur  relntion,  each  showing  &  remark- 
nbly  clow  agreempnt,  an  renpteltt  period,  vith  pt^riodic  aolai  pliej 
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I  would  by  no  menns  be  understood  to  imply,  how- 
ever, that  I  regard  the  conclusions  of  Messrs.  De  La 
Hue,  Stewart,  and  Loewy,  resjwcting  the  iDflueDces 
exerted  by  the  planets  on  eolar  phenomena,  as  inadniia* 
Bible.  On  the  contrary,  I  regard  theiu  a«,  on  ih4 
whole,  the  moat  ■  probable  yet  advanced.  Based  aa 
they  are  on  observed  facts  and  on  statistical  relations, 
they  are  worthy  of  the  most  attentive  consideration. 
They  do  not  seem  to  me,  however,  to  be  by  any  means 
demonstrated,  nor  are  they  so  regarded  (it  b  proper 
to  add)  by  their  propounders. 

It  remains  only  that  I  should  indicate  in  a  general, 
and  necessuriiy  brief  manner,  those  features  of  the  Sun'ft 
surface  which  recent  observations  have  revealed  to  us. 

Let  me  begin  with  the  famous  '  willow-leaves.'  It 
was  announced  by  Mr.  Xasmyth  in  1862  that  the 
porfi  seen  in  the  solar  photosphere  are  '  polygonal  in- 
Bterstices'  (I  quote  Sir  John  Herschel'a  account)  'be- 
tween certain  luminous  objects  of  an  exceedingly 
definite  shape  and  general  uniformity  of  size,  whose 
form  (at  least  as  seen  in  projection  in  the  central 
portions  of  the  disc)  is  that  of  the  oblong  leaves  of  a 
willow-tree.  These  cover  the  whole  disc  of  the  Sun 
(except  in  the  space  occupied  by  the  spota)  in  countless 
millions,  and  lie  crossing  each  other  in  every  imaginable 
direction.'  The  appearance  of  the  Sun,  according  to 
this  view,  is  exhibited  in  figs.  47  and  48,  both  of  which 
are  from  drawings  by  Mr.  Xasmyth. 

This  announcement  led  to  a  controversy  which  stall 
remains   undecided.      Mr.   Dawes  asserted  his  belief 
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Pflist  no  BQch  interlacing  as  Mr.  Jfasmyth  described  in 
I  ever  observable  among  the  amall  bright  spots  wliich  He 
scattered  over  the  general  ground  of  the  phiitosphere ; 
that  thege  spots  can  in  no  sense  be  said  to  resemble 
willow -leaves,  though  they  present  every  variety  of 
figure  anrl  size ;  and,  lastly,  that  they  had  been  long 
known  to  solar  observers,  and  are,  in  fact,  no  t>ther  than 


^^^  jift 


!  nodulex  of  Sir  "William  Herschei.  '  The  only 
situation,' he  wrote, '  in  which  I  have  usually  noticed 
them  to  assume  anything  like  the  shape  of  willow- 
leavee,  is  in  the  immediate  vicinity  of  coiiaiderabie 
spots,  on  their  penumbrie,  and  frequently  projecting 
lyond  it  for  a  small  distance  on  to  the  innlirn, — an 
ranee  with  respect  to  which,  in  April   1852,  I 


■ 

■ 

u 

9 

1 

1 

■ 

^^^H 

■ 

I^^^^^BIf 

^P             220 

THE  6f.V 

Jg 

[ 

^ 

1 

■ 

HH 

U 

1 

HH 

1 

1 

ff!H 

i 

nC 

"*#  V^3 

»' 

1 

5 

^ 

4 

n 

1 

f^ 

^^ 

i 

p 

i^ 

3 

> 

?!aJ 

1 

Flo.  18. 

-A  large 

Bpot-group 

the  Hului:  uillotr-lfUTpa. 

k 

^ 

A 

^1 

^V  STUDY  OF  THE  SUX'S  SURFACE.  221 

*■  Tiser!  the  following  expressions : — "  The  interior  edge  of 
the  penumbra  frequently  appears  extremely  jagged ; 
tbe  bright  ridges  on  its  surlace,  which  are  directed 
nearly  towards  the  centre  of  the  ajMtt,  being  seen  pro- 
jected to  irregular  distances  on  to  the  cloudy  stratum 


ibral  rills. 


r  umhra),  and  looking  much  like  a  jiiece  of  coarse 
hatching  with  straw,  the  edge  of  which  has  been  left 
arinimed."     After   nearly  twelve    years  of  careful 
rvation  of  the  same  phenomena,  1  do  not  thiak  ' 
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thilt  I  could  improve  upon  this  dwcriptiou.'  Tin 
a|ipearanre  liere  described  will  be  recognised  in  Mr. 
Browning's  drawing  (Plate  I.);  it  is  also  observable  in 
figs,  49  and  50. 

Other  nBtronomers  now  joined  in  the  discussion. 
MeafiFB.  Stone  and  Dunkin,  of  Greenwich,  asserted  Uwi 
with  the  fine  eqniitorial  of  that  observatory,  lumi 
epoti  shaped  like  rice-grains  could  be  seen, 
that   these   spots,  by  overlapping,  produce  the  dark 


liluiiirHiiiig  iliL'  mitrkiu^B  uf  tlte  jKUumliiit  utbpiita,     (Cojiuci'i.) 

pores.  Fr.  Seccbi  described  the  aj^earance  of  tJio 
luminous  spots  as  resembling  strokes  made  with  a 
camel'a-hair  pencil.  He  described  them,  in  fact,  in 
terms  closely  according  witli  those  employed  by  Mr. 
Dawes.  Dr.  Huggins  speaks  of  these  luminous 
objectt  (or  granules,  as  he  calls  them)  as  certainly  not 
interlacing  on  the  general  surface  of  the  photosphere- 
Fig.  51  represents  a  view  of  a  portion  of  the  Sun*8  disc 
as  seen  by  him.  It  will  be  noticed  that  if  this  view  is 
held   at    a   considerable   distance   fi-om   the   eye   the 


general  aspect  corresponds  closely  with  the  mottled 
Kp[>earB.nce  presented  by  the  Sun  in  telescoi>es  of 
nioOeraie  power.* 


r 


ilic  MMftiaa  that  Sir  WHKsid  HencM  had  ioog  ana 
ntvpmtd  Acse  objects,  itiaaf  cosne  to  be 
or  fleecplcd  ■eeonfii^  as  Mr.  "SaamjA^m  opiniaB  n 
tlie  ml  nstnre  of  the  objects  h  oonfiBmed  or  oonflilc 
If  there  redlv  is  the  mtaimaag  be  qieaks  of  on  1^ 
geoenU  niHare  of  the  Son,  tben  ondoabtedlT  be  is  t 
discoverer  of  tbe  pbenomeDOD,  for  Sir  William  Hi 
Bcbe)  novhere  speaks  of  anr  such  appearance  (to  i 
recollection,  at  least).  Sir  John  Herachel,  too,  dealt 
with  Nasmy th's  obeerration  as  nndoabtedlr  new  and 
aUo  aa  of  munistakable  Interest  and  importance. 

*  I>t  Bw  hen  qnot«  Sir  Joha  Hendtet'i  ucoinit  oT  Kasm jth's  vQlo*- 
Itsf  Ihonj,  partlj  oo  aceoaDt  of  it*  liraliiien  and  graphic  dMran 
puttj  for  th?  ukc  of  bii  refiectiuDi  on  the  sn^ect : — '  Tiute  Imtm,  > 
tfMlrt,  an  doc  ■mnged.'  he  rajs, '  id  aoj  orda  (u  thorn  «t  a  htttv 
flj*!  wiDgi  uc),  but  lie  cTuasing  odc  anoUur  in  all  dixactioiw,  lib  wlwt 
an  MO(d  «piIU  in  the  guue  of  ■piUtkinB;  Fxcspt  at  thv  boidoi  of  a 
tpnl,  where  ibey  point  for  rhe  moat  part  invuiii,  lovuila  the  middla  of 
Uia  'pot,  preaenUDg  much  the  sort  of  appcsmaca  that  the  amall  Wtm 
of  Mxne  iraliT-pIaDlsorMi'WeMUdaat  ihsedgeof  a  de«p  faol«  of  daac 
valTT.  Tho  Gtceniingl;  deflnile  ahnpe  of  these  objects:  tfaedr  end 
simiUritj  odo  to  nouTher;  sod  ihe  waj  in  which  Ibpj  lie  aeroaauil 
athwart  each  Olhcr  (uci'pt  where  the;  form  &  sort  of  bridge  acreai  a 
■pot,  In  which  cttie  they  aeero  to  offert  a  common  dirtctioD,  that,  iiiUDsIf, 
of  tha  bridge  itHir]~all  these  chnracterr  seem  quite  repugnant  to  the 
nodoa  of  ibar  being  of  n  Tspumus.  a  cloudy,  or  a  fluid  Dature.  Nothing 
rrmainv  but  Id  eonaidrr  them  sa  eepiirate  and  iadependent  Bheola, 
or  soalm,  banng  some  son  of  soUdiij,  And  these  flakes,  bo  liiej  iriut 
llley  Disy,  and  whatever  may  be  said  about  the  dashing  of 
tlunss  into  the  Sun'n  ntmoBphere,  etc.,  nre  evidenify  the  immedin 
qf  tkt  fiaf  ligMl  and  A<u(,  hy  whntever  mechanlBmorwhaleTerpnieeBMa 
they  may  b«  onalileil  to  duTelope.  and  ui  it  ireTv  elabonie.  these  elenenta 
from  tho  boaum  of  die  DOD-luniioous  Huid  in  which  tl>ej  appear  to  float. 
Lookad  at  in  this  point  of  view,  we  cannot  refuse  lo  regard  them  u 
aryanltiBt  of  some  peculiar  and  amazing  kind  ,-  and  though  it  would  be 
toil  daring  In  speak  of  saeh  organization  as  partaking  of  the  nature  of 
life,  yet  wo  da  know  that  vital  action  is  competent  to  devrlope  at  once 
rat,  aitd  light,  and  electricity.    Thoee  wonderful  otijects  havo  baen 
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Before  leaving  the  subject  of  the  willow-leaves^  I 
must  qaote  one  of  the  latest  observations  bearing  on 
tbifi  subject.  On  April  13,1869,  Secchi  noticed  that  over 
the  whole  of  a  large  spot  and  its  neighbourhood,  there 
were  multitudes  of  leaves^  and  that  a  bridge  across  the 
^  was  formed  of  elongated  leaves.  The  leaves  in 
the  neighbourhood  of  the  spot  were  oval,  the  greater 
<iuuneter  about  three  times  the  less — thus,  -^^  Mike 
the  leaves  of  the  olive  and  certain  salicesJ*  He  says, 
*  ^Hiat  are  these  things  ?     There  are  veils  of  the  most 
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intricate  structure.  The  spot  has  a  third  nucleus  in 
Hich  are  the  leaves  seen  in  the  drawing  (fig.  52),  all 
arranged  in  a  radiating  manner,  precisely  like  a  crys- 
tallization of  sal-ammoniac  seen  by  means  of  the  solar 
microscope — attached  to  a  stalk  (linffua).  It  is  clear 
that  the  rest  of  the  nucleus  is  due  to  the  rarefaction  of 

f^e.n  by  othors  as  well  as  by  Mr.  Xasmyth,  so  that  there  is  no  room  to 
doubt  of  their  reality.  To  be  seen  at  all,  howerer,  even  with  the  highest 
niAgnifying  powers  our  tele8eoi)es  will  bear  wlien  applied  to  the  Sun, 
they  can  hardly  be  less  than  a  thousand  miles  in  length,  and  two  or  three 
hundrird  in  breadth.*  So  that  if  these  things  are  mluT  inhabitants 
▼hose  fierv  constitution  enables  them  to  illuminate,  warm,  and  electri- 
cij>e  the  whole  solar  system,  thi-y  are  not  wanting  in  that  evidence  of 
might  which  gigantic  sia?  affords.  Truly,  Milton's  picture  of  him  who 
on  the  fire-s  of  Hell  *  lay  floating  many  a  rcod,'  seems  tame  and  common- 
place compared  with  Herschers  conception  of  these  floating  monsters, 
the  least  covering  a  greater  space  than  the  British  Islands. 

Q 


The  discovery  by  Dawes  that  within  the  umbra,  or 
wbat   was  formerly  called  the  nucleus  of  every  fully- 
developed  spot,  there  esists  a  darker  regiou,  or  (so  far 
aft  telest'opic  research  has  yet  gone)  a  true  nucleus,  not 
otdy  o|>cns  a  new  field  for  speculation,  but  renders  the 
interpretation   of    the   phenomena  before   recognised 
ultogether  more  difficult.     By  using  a  solar  eye-piece 
invention,  in  which  the  field  of  view  was  so 
ted   as   to   exclude  even    the    light  from   the 
ibne  of  large  spots,  he  detected  in  the  stratum 
liad  before  been  regarded   as  black, 'a  mottled 
iDce — the  degree  of  darkness  being  by  no  means 
irm,  and  suggesting  the  idea  that  the  surface  ia  far 
level,  the  lighter  parts   being   probably  the  most 
and  feebly  reflecting  the  light  received  from 
Helf-luminous  strata  above  it.  .  .  In  all  spots  which 
*re  tolerably  symmetrical,  and  large  enough  to  admit 
W  accurate   scrutiny,  this  unilira  will   be   i'ound   to  be 
perfirated  near  its  centre  by   a  perfectly  black  hole, 
••hich  is  to  be  regarded  as  the  true  nucleus.' 

From  the  researches  of  Fr.  Secchi  it  would  ap- 
pear as  though  the  umbral  portion  of  lai^e  spots  were 
^nned  of  luminous  matter  which  is  undergoing  a 
^**iitinual  process  of  dissipation  towards  its  interior 
^*lg(.'.  He  compares  the  process  to  the  gradual  dissi- 
t**Mion  of  cumulus  clouds  under  the  heat  of  a  summer 
^*iii,  and  regards  the  umbra  as  of  the  nature  of  a  veil 
'^f  clouds;  the  nucleus  as  a  region  where  an  intenser 
i»**3«t  ha*  caused  these  clouds  to  melt  away.  Within 
8ueh  ns  these  he  has  recognised  the   presence  of 


culoureil  matter,  which  he  compares  to  the  coloui 
envelope  whence  the  prominences  spring ;  and  it  w^^W 
partly  on  account  of  his  having  noted  such  appearanc^^* 
that  he  pronounced,  so  farback  as  1860,  his  convictio::^ 
that  au  envelope  of  this  coloured  matter — -the  chrome*-^ 
sphere  of  the  next  chapter — surrounds  the  whole  glob* 
of  the  Sun,     These  appearances  have  been  noticed  ale* 
by  other  observers.     Mr,  Lockyer  has  recognised  th< 
gradual  disappearance  of  portions  of  luminous  matt«i 
(as  if  by  subsidence  in  some  semi-transparent  medium] 
in  the  umbrsc  of  large    spots ;  while  the   presence  or 
various  tints  of  red  wthin  the  spots  has  been  noticed 
aIso  by    Schwabe,   Capocci,   Schmidt,  and  other  ob- 
servers. 

The  processes  of  fonaatioD,  enlargement,  and  dift' 
appearance  of  sjKrts  are  well  worthy  of  study;  and 
although  no  regular  law  has  been  detected  in  their 
,ae  certain  distinctive 
each  stage  of  develop- 
usually  preceded  by 
the  appearance  of  facula;.  Then  a  dark  point  makes 
its  appearance  which  increases  in  size,  the  penumbra! 
fringe  being  presently  recognised  around  it,  and  the 
distinction  between  the  umbra  and  the  penumbra  being 
well  defined.  The  same  clearness  of  definition  con- 
tinues ordinarily  until  and  after  the  spot  has  reached 
its  greatest  development.  But  when  the  spot  is  about 
to  diminish,  there  is  a  change  in  this  respect.  The 
edges  seem  less  sharp,  and  an  a|)pearauce  is  presented 
&s  though  there  floated  over  them  a  luminous  cJoud- 


succession,  we  can  yet  recogni 
features  ordinarily  belonging  to 
merit.     The  formation  of  aspot 


STUDY  OF  THE  SUITS  SURFACE.  229 

Teil,  brighter  in  some  places  than  in  others^  and  not 
unfrequentlj  attaining   a  brightness  which  seems  to 
exceed  even  that  of  the  facula;.     At  certain  parts  of  the 
«pot*8  circumference,   this    bright    matter    projects, 
liiding  the  whole  width  of  the  penumbra  and  forming 
» sort  of  cape  or  promontory,  with  sharply  serrated 
^es,  singularly  well  defined  against  the  dark  back- 
ground of  the  umbra.     It  is  usually  in  this  manner 
that  the  formation  of  a  bridge  begins,  two  promontories 
on  opposite  sides  of  a  spot,  or  even  on  the  same  side, 
joining  their  extremities,  so  as  to  form  either  a  bridge 
of  light  across  the  umbra,  or  a  curved  streak  having 
Wh  its  extremities   on  one  side  of  the  spot.     But 
indeed  no  strict  law  or  sequence  has  yet  been  assigned 
to  these  processes  of  change.     In  a  large  spot  the 
wildest  and  most  fantastic  variations  will  take  place, 
and  often  when  the  spot  seems  approaching  the  stage 
of  disappearance,  it  will  seem  to  renew  its  existence,  as 
though  fresh  forces  were  at  work  in  disturbing  the 
region  it  belongs  to. 

Some  of  the  processes  of  change  which  take  place  in 
large  spots  are  very  well  exemplified  in  fig.  54,  where 
the  drawings  1  to  4  show  the  successive  changes  of 
appearance  presented  by  the  great  spot  of  1865,  from 
October  7,  when  it  was  on  the  Sun's  eastern  limb, 
until  October  16,  when  it  had  passed  the  central  paii; 
of  the  disc.  These  dra^^nngs  were  made  by  the  Rev.  Mr. 
Howlett,  one  of  our  most  enthusiastic  solar  observers, 
and  specially  skilled  in  the  delineation  of  Sun  spots. 
Were  not  his  accuracy  beyond  all  question,  it  would  be 


STtrnr  of  the  sux-s  surface. 

»poD<)itig  so  closely  with  4,  fig.  54,  that  one  might  well 
suppose  the  two  drawings  were  tracings  from  one 
picture.*  The  reader  will  be  prepareil  to  examine  with 
so  much  the  greater  confidence  the  interesting  picture 
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around  this  spot  and  Sir  William  Herschel's  descrip- 
tion of  the  faculffi  (p.  180), 

We  owe  to  Mr.  Dawes  the   detection    in  cert** 
BpotB  of  a  rotatory  motion,  as  though   these  regi(^ 
were  the  scene  of  some  tremendous  solar  tornado. 
fijiot  of  enormous  dimensions  was  observed  hy  him 
have  rotated  througli  half  a  complete  circuit  in  t^ 


A  spot  pmcniiiig  Uie  nppcsmiicc  of  rycloaic  motion.    (Sk«Ai.) 

course  of  about  six  days.  Other  spots  have  exhibited 
an  even  more  rapid  motion,  and  the  spectroscopic 
obscrvuttons  ninde  by  Mr.  Lockyer  on  parts  of  the 
Sun  near  the  limh  (where  such  cyclonic  motions  would 
npccBSarity  involve  a  rapid  motion  towards  and  from 
the  eye)  seem  to  place  beyond  question  the  existence 
of  solar  tornadoes  having  a  velocity  of  40  or  50,  in 
some  cases  even   120  miles  per  second.     So  that  we 
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need  no  longer  r^ard  (with  Sporer)  the  whirling 
appearance  noticed  in  the  accompanying  drawing  by 
Fr.  Secchi  (fig.  56)  as  due  to  optical  illusion. 

The  immense  dimensions  of  some  spots  well  deserve 

thoughtful  consideration.     When  we  remember  that 

the  least  spot  which  could  be  perceived  with  the  most 

powerful  telescope  must  have  an  area  of  at  least 

^0,000  miles,  it  will   be   understood  how  enormous 

ftese  spots  must  be  which  have  been  distinctly  visible 

to  the  unaided   eye.*      But   we    have    trustworthy 

ineasurements  to  refer  to  in  this  matter.     PastorfF,  in 

1828,  measured  a  spot  whose  umbra  had  an  extent 

four  times  greater  than  the  Earth's  surface.  In  August 

1^59,  a  spot  was  measured  by  Newall  which  had  a 

Garnet er  of  58,000  miles — that  is,  exceeding  more  than 

seven  times  the  diameter  of  our  Earth.     But  spots  of 

even  greater  dimensions  have  been  observed.     In  June 

1843,  a  spot  was  visible,  which,  according  to  Schwabe's 

iQeasurements,  had  a  length  of  no  less  than  74,S16 

niiles.     On  March  15,  1858,  observers  of  the  great 

eclipse  had  the  good  fortune  to  witness  the  passage  of 

the  Moon  over  a  spot  which  had  a  breadth  of  107,520 

miles.     It  was  in  the  same  year  that  the  largest  spot 

of  any  whose  records  have  been  handed  down  to  us, 

was  visible  upon  the  solar  disc.     It  had  a  breadth  of 

more  than   143,500  miles ;  so  that  across  it  no  less 

than   eighteen  globes  as  large  as  our   Earth   might 

have  been  placed  side  by  side.     At  a  very  moderate 

*  Of  the  groups  shown  in  Plate  II.  three  were  visible  to  the  naked 
eye,  the  largest  of  them  (nenr  the  centre)  being  quite  conspicuous. 


computation  of  the  depth  of  this  solar  cavity,  it  m<»J 
be  assumed  that  the  mass  of  lOO  earths  such 
ours  ivould  barely  have  sufficed  to  fill  it  to  the  ler^ 
«f  the  solar  photofiphere. 

During  tliB  past  two  yeai^s  many  spots  and  grouj 
of  enormous  extent  have  been  noticed.  Those  show** 
in  Plate  II.  may  be  cited  as  instances;  bat  other*( 
fiiUy  as  large  have  lately  been  observed- 

The  rapidity  with  which  some  spots  have  changec^ 
in  figure,  or  even  wholly  disappeared,  would  be  whollj^ 
incredible  were  it  not  that  astronomers  of  the  higheeC 
repute  for  accuracy  have  supplied  the  records  nf  sach. 
changes.     Dr.  Woliaeton  says : — '  I  once  saw  with  a 
12-inch  reflector   a   spot  which   burst  in  pieces  as  I 
was  looking  at  it.     I  could  not  expect  such  an  event, 
and  therefore  cannot  be  certain  of  the  exact  particu- 
lars ;  but  the  appearance,  as  it  struck  me  at  the  time,    I 
was  like  that  of  a  piece  of  ice  when  dashed  on  a  frozen 
pond,  which  breaks  in  pieces  and  slides  on  the  surface 
in  various  directions.'"     Eiela  also  notes   that  8pots 
disappear  sometimes  almost  in  a  single  moment.     The 
converse  of  such  a  change   has   been  witnessed   by 
Krone,  who    observed    a   spot  of  no   inconsiderable 
dimensions  which  sprang  into  existence  in  less  than  a 
minute  ol'  time.     On  one  occasion  a  momentary  dis- 
traction caused  Sir  William  Herschel  to  turn  away  his 

•  Of  oiiree  this  descriplion  ri-fers  only  to  the  appoarsnee  which 
tiuf  Hpots  unliiuinl}-  prcBedC,  of  being  real  bodies  rather  thin  openings. 
What  WolLuton  lias  deecribcd  as  the  breaking  up  of  a  spot  into 
piwes.  miiah  in  reality  bo  looked  upon  in  nil  probability  as  the 
■oddaii  change  of  a  tingle  whitlau>rm  into  n  number  of  amallv  ones. 
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eyes  from  a  group  of  spots  he  was  obser^iDg.    When 
lie  looked  again  the  group  had  vanished  I 

In  this  place  I  shall  not  enter  into  the  discussion  of 
tlie  nature  of  the  s{)ots — a  matter,  indeed,  on  which  at 
present  it  is  very  difficult  to  form  an  opinion.  It  has 
been  my  purpose  in  this  chapter  to  consider  rather  the 
ewdence  which  has  been  adduced  respecting  the  solar 
surface  than  the  physical  theories  put  forward  in 
explanation  of  that  evidence. 

Two  points  remain,  however,  to  be  briefly  touched 
upon. 

The  first  is  the  evidence  supplied  by  the  spectro- 
scope respecting   the   spots.     It   is   evident  that   by 
bringing  a  spot  under  the  slit  of  the  spectroscope  in 
the  way    described   at   the   close   of    tlie    preceding 
chapter  (see  fig.  35)   it  becomes  possible  to  institute 
a  direct   comparison   between   the   spectrum   of   the 
umbra,  penumbra,  and  surrounding  faculae.     If  any 
lines   belonging  to  the  ordinary  solar  spectrum  dis- 
appear in  these  regions,  or  if  new  lines  make  their 
appearance,  we  can  at  once  become  cognisant  of  the 
fact,   because   we   see   the   spectra   of  these   regions 
simultaneously.     In  like   manner  we    can  determine 
whether  any  change  takes  place  in  the  character  and 
appearance  of  any  solar  line — for  instance,  whether  it  is 
wider  or  narrower  in  the  spectra  of  certain  regions,  or 
whether  it  changes  into  a  bright  line.     Now,  fig.  57 
will  illustrate  the  peculiarities  which  make  their  ap- 
pearance when  a  spot  is  brought  in  tliis  way  under 
examination.     Here  the  length  of  the  spectrum  (only 
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&  small  portion  of  ivhicli  i&  shown  in  the  figure).  i» 
horizontal,  so  that  the  vertical  lines  are  the  dark  h'no 
of  the  spectrum.  The  horizontai  lines  indicate  tlw 
regions  of  the  spectrum  corresponding  to  those  part* 
of  a  spot  where  a  general  absorption  takes  place.  It 
will  be  seen  that  where  this  general  absorption  is  suffi- 
cient only  to  produce  a  degradation  of  brilliancy.  Jl 
the  lines  in  this  part  of  the  spectrum  are  visible.     The 
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IlliKlniting  ihv  change*  in  certain  lines  iu  lh«  epoetrH  of  Son-vpoti. 

F  line  {belonging  to  hydrogen}  is,  however,  peculiarly 
affected  across  the  whole  region  of  tlie  spot.  At  the 
upper  and  lower  extremity  we  see  it  of  its  normal 
width,  while  over  all  the  remaining  breadth  of  the 
spectrum,  except  two  small  portipns,  it  is  much  broader 
and  has  shaded  edges.  In  one  place  it  is  bent ;  along 
another  part  of  its  length  a  narrow  line  of  light  is  8*en 
to  be  almost  centrally  placed  upon  it;  and  lastly  in 
|)Uces  it  appears  bright  and  irregularly  shaped. 
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Now,  the  facts  here  noticed  (first  observed  I  believe 
by  Mr.  Lockyer,  and  confirmed  by  Dr.  Huggins^  Fr. 
Secchi,  and  Professor  Young)  are  thus  (probably)  to 
be  interpreted.  Beginning  with  the  top  of  the  line  f 
in  fig.  57,  we  have  first  the  normal  black  line  show- 
ing that  in  the  part  of  the  Sun  included  within  the 
uppermost  part  of  the  slit,  the  hydrogen  is  in  its 
ordinary  condition  as  respects  temperature.  It  is  less 
beated  than  the  matter  whence  the  main  portion  of  the 
5olar  light  is  radiated,  and  so  absorbs  that  portion  of 
the  light  which  it  has  itself  the  power  of  radiating, 
^ext  we  come  to  a  bright  hydrogen  line  of  the  normal 
^dth  on  a  shaded  background.  The  corresponding 
part  of  the  Sun  (that  is  the  part  next  below  the  former 
within  the  slit)  is,  then,  either  somewhat  reduced  in 
temperature,  or  else  partially  covered  hy  generally  ab- 
J^orbing  matter,  over  which  there  is  a  layer  of  hydrogen 
at  the  normal  pressure,  but  more  heated  than  the  radiat- 

• 

ing  region  below.     Hence  in  tliis  place  the  hydrogen 
J^adiates  more  light  than  it  absorbs,  and  the  line  f  is 
''emlered  relatively  bright.     Next  is  a  region  where 
the  hydrogen  line  is  still  bright  but  very  much  wider. 
Over  the  corresponding  portion  of  the  Sun,  therefore, 
the  hydrogen  not  only  exists  at  a  higher  temperature 
hut  at  a  greater   pressure.     Then    we   come   to   the 
widened   dark   line,  indicating    that    over    the  corre- 
sponding portion  of  the    Sun  there  is  hydrogen  at  a 
relatively  low  temperature  and  at  an  abnormally  high 
])ressure.     The  bend  towards  the  red  end  of  the  spec- 
trum indicates  that  the  con'csponding  portion  of  the 
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e  describes  experiments  by  which  he  convinced 
himself  that  these  lines  really  belong  to  the  spots^  and 
^ot  to  our  own  atmosphere.  He  found  that  these 
'  vater-lines '  were  not  visible  when  the  instrument 
^aa  directed  in  clear  weather  to  unspotted  parts  of  the 
solar  disc ;  but  that  as  the  instrument  was  shifted,  the 
approach  of  a  spot  was  clearly  indicated  by  the  appear- 
ance and  gradually  intensifying  of  these  lines.  When 
the  sky  was  covered  with  thin  clouds  he  saw  the  same 
^nes  towards  whatever  part  of  the  Sun  the  instrument 
vas  directed ;  but  they  always  appeared  strongest  in 
he  spectrum  of  a  spot.* 

The  second  point  which  I  wish  to  notice,  in  conclu- 
loii,  is  the  evidence  of  the  polariscope  respecting  the 
retieral  condition  of  the  solar  photosphere.  I  do  not 
^el  justified  in  giving  space  to  an  account  of  the 
'Wnciples  on  whicli  polariscopic  analysis  depends,  be- 
^iisc,  to  say  the  truth,  the  polariscopc  has  thrown  but 
ttle  light  on  the  subject  of  solar  physics.  I  therefore 
"^crelv  state  that  light  under  certain  conditions  of 
*>iission,  reflection,  and  refraction,  acquires  a  peculiar 
**^operty  called  polarisation,  by  which  its  capability 
*>r  subsequent  reflection  or  refraction  is  materially 
Modified.  We  have  here  to  deal  with  emission ;  and 
^^le  special  law  which  concerns  us  is  this,  that  light 
emitted  from    an   incandescent   solid   or   liquid    at  a 

"♦  The  r^adf^r  is  referred  for  fuller  details  than  then'  is  horo  space  for, 
to  Dr.  Schellen's  work  DU-  Spcctraiava/t/sf!,  already  referred  to.  The 
Kngliph  e*lition  now  preparinjo:  for  publiaition,  unilcr  tht^  able  super- 
vihiou  of  Dr.  Iluggins.  will  be  specially  worthy  of  very  careful 
study  in  all  matters  relating  to  the  spectral  analysis  of  the  Sun. 
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very  oblique  angle  is  partiaUj  polarised  in  snch 
that  when  incident  on  a  plane  at  right  angles  with  Ik 
angle  of  emanation,  the  polarised  portion  does  not,  Gki 
the  rest^  undergo  reflection.  Now,  the  light  from  nflir 
the  edge  of  the  Sun's  disc  shows  no  signs  of  having  tUi 
particular  quality.  Hence  Arago  and  others  inn 
concluded  that  the  solar  photosphere  cannot  be  formed  of 
incandescent  solid  or  liquid  substance,  but  must  neceh 
sarily  be  gaseous.  We  shall  have  occasion  further  <m 
to  consider  the  bearing  of  this  evidence  on  the  rien 
we  are  to  form  respecting  the  Sun's  physical  constitu- 
tion. It  is  necessary  to  note,  however,  that  Sir  John 
Herschcl  has  called  in  question  Arago's  conclasion; 
and,  without  assci'ting  that  the  solar  photosphere  most 
necessarily  be  either  solid  or  liquid,  he  has  shown  that 
the  evidence  of  the  polariscope  is  more  than  question- 
able, since  the  Sun  can  by  no  means  be  regarded  as  a 
smooth  uniform  globe.  Its  surface  is  in  all  probability 
so  rough  and  uneven  that  the  light  received  from  near 
the  edge  may  come  for  the  most  part  from  surfaces 
nearly  at  right  angles  to  the  visual  line.* 

Here  I  conclude  my  survey  of  the  solar  surface.  1 
have  presented  but  such  portions  of  the  vast  mass  of 
material  really  available  as  seemed  most  instructive 


*  The  case  may  bo  compjired  with  that  of  the  Moon.  If  the  Moon 
were  a  smooth  uniform  globe,  she  ought,  when  full,  to  seem  much 
darker  near  the  edge  than  near  the  centre  of  her  disc.  That  she  does 
not  is  due  to  the  inequalities  of  her  surface;  and  Dr.  Zollner  has  beeu 
able  to  show  from  the  observed  luminosity  of  the  Moon  at  different 
times  that  the  probable  average  inclination  of  the  lunar  mountains  is 
about  66  degrees. 
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od  to  bear  most  pertinently  on  the  views  we  are  to 
iorm  respecting  the  Sun's  physical  condition.  Ten 
ir  twelve  such  volumes  as  the  present  would  be 
deeded  to  contain  even  an  abstract  of  the  observations 
vhich  have  been  made  on  the  great  central  luminary 
of  our  system.  To  the  student  of  solar  physics  I 
nnnot  too  earnestly  recommend  the  careful  study  of 
■n  such  observations  as  he  can  obtain  access  to ;  but 
b  bas  been  necessary  for  my  present  purpose  to  give  a 
more  general  view  of  the  subject.  This  chapter  must 
lie  regarded  as  bearing  the  same  relation  to  the 
ponderous  volumes  in  which  our  Carringtons  and 
Berschels,  our  Schwabes  and  Sporers  and  Secchis, 
IttTe  recorded  their  observations,  as  Plate  II.  bears  to 
Plate  I.,  or,  generally,  to  such  large-scale  and  elabo- 
nte  views  as  are  afforded  by  powerful  telescopes.  We 
must  now  pass  on  to  other  matters  well  worthy  of  atten- 
tion—to  matters  that  are  perhaps  even  more  interest- 
ing and  instructive  than  the  facts  which  astronomers 
kave  discovered  in  their  survey  of  the  solar  surface. 


CHAPTER   V. 

THE  PROMINENCES  AND  THE  CHSOMOSPHESE. 

The  coloured  prominences  wWch  have  recently 
attracted  bo  large  a  sKare  of  the  attention  of  solar 
phjBicists  were  first  fully  recognised  during  the  total 
solar  eclipse  of  1842.  It  is  prohable,  however,  that 
they  were  seen  more  than  a  century  before  that  date, 
though  their  real  nature  was  not  suspected.  During 
the  total  solar  eclipse  of  May  2,  1733,  VnsseniuB,  at 
Gottenburg,  observed  several  red  clouds  floating,  as  he 
supposed,  in  the  atmosphere.  One  of  them  seemeA; 
larger  than  the  rest,  and  appeared  to  be  composeA' 
of  three  masses  placed  one  above  the  other,  and  com- 
pletely detached  from  the  Moon's  limb.  '  TheBe 
spots  seemed,'  he  writes, '  composed  in  each  instance  of 
three  smaller  parts  or  cloudy  patches  of  unequal  length, 
having  a  certain  degree  of  obliquity  to  the  Ihloon's 
periphery.  Having  directed  the  attention  of  my  com- 
panion, who  had  the  eyes  of  a  lynx,  to  the  phenomenon, 
I  drew  a  sketch  of  its  aspect.  But  while  he,  not 
being  accustomed  to  the  use  of  the  telescope,  was 
unable  to  find  the  Moon,  I  again,  with  great  delight, 
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lerceived  the  same  spot,  or  if  you  choose,  rather  the 

urariable  doud  occupying  its  former  situation  in  the 

ktanosphere  near  the  Moon'a  periphery.'    We  need  not 

be  snrpiTsed  that  Vasseniiis  assigns  the  spots  without 

temple  to  the  Mnon's  atmosphere,  since  it  was  thought 

by  many  in  his  time  that  the  Moon  has  an  atmosphere 

of  appreciable   extent.     Yet   it   was  unfortunate   for 

a^ence  that  the  prominences  (for  we  can  scarcely  douht 

that  the   appearances  seen  by  Vasaenius  were  really 

■  pHnmnenees)  should  have  been  thus  explained  away 

I  aa  relatively  unimportant  phenomena,  since  otherwise 

L   (AiBervers  during  succeeding  eclipses  would  probably 

Wve  searched  for  similar  objects,  and  we  might  thus 

UTC  possessed  a  long  aeries  of  observations  tending  to 

Wdicttte   the   laws   according  to   which  these   objectft 

Bttke  their  appearance. 

Fur  more  than  a  century  eclipse  passed  after  eclipse, 
•ad  no  observer  recognised  these  flames  of  coloured 
I'glit,  which  have  seemed  to  the  observers  of  recent 
Klipecs  so  striking  and  obvious.  Ferrer,  indeed,  in 
ISOfi.and  Van  Swinden,  in  1820,  noticed  faint  traces  of 
•One  peculiar  coloured  appendages ;  but  their  observa- 
•wni  were  not  satisfactory,  nor  was  any  attention 
flntm  to  the  subject. 

During  the  great  eclipse  of  1842,  however,  a  number 
W  first-rate  observers  were  distributed  along  the  line 
"I  total  obscuration.  Airy,  Arago,  and  the  younger 
Struve;  Littrow.  Bnily,  Santini,  Valz,  and  Biela, — a 
"wt,  in  fine,  of  the  moat  skilful  astronomers  in  Europe — 
"tlchedibe  eclipse  with  careful  scrutiny.    All  of  them 


reoogaised  with  surprise  the  presence  of  roee-ooloutc" 
prominences  round  the  diac  of  the  eclipsed  Sun. 

The  Astronomer-Royal  saw  tJiree  prominencea  «* 
the  summit  of  the  disc  ;  Arago,  Stnive,  and  Schi'i-' 
iowski  saw  two  near  the  lowest  point  of  the  disc; 
Schumiicher,  of  Vienna,  saw  three — two  beiow,  and 
one  above. 

It  will  be  instructive  to  consider  the  account  given 
by  the  first  observers  of  these  interesting  objects. 

The  Astronomer- Hoy al  compared  them  to  the  in- 
clined teeth  in  a  circular  saw,  and  estimated  their 
height  at  about  one  minute  of  arc 

Schumacher  compared  the  protuberances  to  ice- 
bei^,  and  the  pictures  which  illustrate  his  paper 
represent  them  as  much  more  closely  resembling  ice- 
bergs than  any  protuberances  seen  in  recent  times. 
We  may  not  unfairly  conclude  that  Sc1iuciacha'*s 
drawings  arc  somewhat  idealised. 

Baily  compared  the  prominences  to  Alpine  peska 
coloured  by  s  setting  Sun.  He  noticed  that  one  was 
bifurcated  almost  to  its  base.  J\I.  Mauvais  employs  a 
aimiliar  comparison.  He  had  seen  a  reddish  point  soon 
after  the  Sun  was  totally  obscured.  '  When  fifty-eix 
seconds  had  passed  after  the  commencement  of  totality,* 
he  writes,  '  this  reddish  point  transformed  itself  into 
two  protuberances,  resembling  two  adjacent  mountains, 
and  well  defined.  Their  colour  was  not  unifonn, 
streaks  of  a  deeper  red  marking  their  flanks.  I  can-  ' 
not  describe  thera  better  than  by  comparing  them  to 
distant  Alpine  peaks,  illuminated  by  the  rays  of  the 
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fiettvng  Sun.  One  minute  and  ten  seconds  from  the 
l^e  of  total  obscuration  a  third  mountain  became 
^able  to  the  left  of  the  other  two.  In  colour  it  re- 
sembled the  others.  Beside  it  were  some  smaller 
peaks,  all  of  them  well  defined.' 

Mauvais  noticed  that  the  other  two  protuberances 
grew  higher  while  the  third  was  making  its  appearance, 
jfear  the  end  of  the  eclipse  they  were  no  less  than  two 
minutes  of  arc  in  height. 

Biela,  Schumacher,  and  others  recognised  a  border 
of  rose-coloured  light  surrounding  a  part  of  the  Moon's 
limb  at  a  lower  level  than  that  attained  by  the  pro- 
minences. It  is  worthy  of  note  that  this  pheno- 
menon had  been  noticed  earlier  than  the  prominences 
themselves;  for  during  the  total  eclipse  of  1706, 
Captain  Stannyan  remarked  that  a  blood-coloured 
streak  of  light  appeared,  before  the  Sun's  limb  emerged 
from  behind  the  Moon.  In  1715,  also,  Halley  noticed 
that  two  or  three  seconds  before  the  emersion,  the 
Moon's  limb  appeared  to  be  tinged  with  a  dusky  but 
strong  red  light,  forming  a  long  and  narrow  streak  ;  and 
during  the  same  eclipse,  Louville  saw  what  he  describes 
as  an  arc  of  deep  red  colour  along  the  edge  of  the 
Moon's  disc.  The  latter  astronomer  was  careful  to 
assure  himself  that  the  appearance  was  no  illusion,  and 
to  this  end  he  brought  the  red  arc  into  the  middle  of 
the  telescopic  field  of  view,  when  he  found  that  the 
red  colour  remained  unchanged.  Don  Ulloa,  in  1778, 
and  Ferrer,  in  1806,  had  noticed  a  similar  pheno- 
menon. 
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When  the  various  accounts  of  the  eclipse  of  !842 
came  before  the  astronooiical  world,  several  theories 
were  propounded  lu  explanation  of  the  red  prominences. 
The  theory  that  they  are  inountaiua  in  the  Sun  was 
for  a  while  in  favour;  but  Arago  pointed  out  that 
some  of  them  were  too  considerably  inclined  to  the 
perpendicular  to  be  so  regarded.  Others  supposed 
them  to  be  clouds  in  the  solar  atmosphere  ;  while  others 
again  su:speeted  them  to  be  enormous  flames.  Ab 
ordinarily  happens  in  such  cases,  there  wcr«  not  milt- 
ing those  who  denied  that  the  coloured  promineBOCi 
had  any  real  existence  whatever.  M.  Faye,  for  ex- 
ample, asserted  his  belief  that  ihey  are  purely  optical 
illusions — '  mirages,  perhaps,  produced  near  the  Moan's 
surface." 

The  ecUpBG  of  1851  removed  those  doubts  for  Uie 
most  part,  though  it  is  to  be  noted  in  passing  fliat 
despite  the  evidence  obtained  then,  and  yet  again  in 
1860,  there  were  some  who  continued,  even  until  the 
great  Indian  eclipse  of  1868,  to  deny  that  tlie  coloured 
]>rominences  and  the  rose-tinted  arcs  seen  at  a  lower 
level  could  really  be  regarded  as  solar  appendages. 

During  the  total  eclipse  of  1851  many  obscrvrre  of 
great  skill  made  drawings  of  the  very  remarkable  pro- 
minences which  were  visible  on  that  occa^on.  TImm 
pictures  exhibited  a  sufficiently  satisfactory  agrcenent 
to  convince  the  observere  tliat  they  had  all  witnessed 
the  same  phenomena  ;  though  the  discrepancies  between 
the  picture*  afford  instructive  evidence  of  thedifficulty 
of  delineating  with  exactness   the  detaik  presented 
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during  ecHjises.     The  following  aix  pictures  represent 
in    order   the   woi-k   of  the    Astronoiiier-Royal,    Mr, 

Dawes,  Iilr.  Hind,  Mr.  Lassell,  Mr.  Gray,  aud  Mc 

Stephenson.       Mr.    Airy    thus    writes   respecting  the 

prominences : — 

'  The  form  of  the  promiuencea  was  most  remarkahle. 

That  which  I  have  roarketl  a  (fig.  58)  reminded  me  of 


J 


•  • 


Tbe  cqloured  prom  indices  fftn  during  llio  eclipse  of  18SI, 

tomerang.     Its  colour  for  nt  least  two-thirds  of  its  j 
idtb — from  the  convexity  towards  the  concavity— 
I  full   lake-red ;  the  remainder  was  nearly  white.  \ 
The  most  brilliant  part  of  it  was  the  swell  farthest  from  \ 
the  Moon's  limb;  this  was  distinctly  seen  by  myself" 
and  my  friends  with  the  naked  eye.    I  did  not  measure 
its  height ;  but  judging  generally  by  its  proportion  to 
_  the  Moon's  diameter,  it  must  have  been  three  minutes 
This  estimation  perhaps   belongs  to  a  later 
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period  of  the  eelipee.  The  pcoturnnic^  «  w»  c' 
wlihe  smticirele  bas«d  on  the  iloon'e  limh,  IWg 
nurked  r  was  a  red  detached  cload  or  balloon  ol  a 
dTcnlarfoTTOfUparated  from  the  Mood'b  limb  by  W 
diSerii^  in  no  way  from  the  rest  of  the  corona  rffl 
its  own  breadtli.  That  marked  d  was  a  s 
uvular,  or  conical,  red  mountain,  |)erha{)a  a  ItttI 
in  the  interior.  These  were  the  npi>earaB(ie 
instantly  after  the  formation  of  the  totality, 
ployed  myself  in  an  attempt  to  delineate  roof 
appearances  on  the  western  limb,  and  I  tookt 
view  of  the  countrj' ;  I  then  remarked  the  I 
second  time.  I  believe  (but  I  did  not  careH 
mark)  that  the  prominences  a  b  c  had  i 
height ;  but  d  had  now  disappeared,  and  a  □ 
had  risen  up.  It  was  impossible  to  see  this  I 
without  feeling  the  coDTiction  that  tlie  protn 
belonged  to  the  Sun,  and  not  to  the  Moon.  I  agvs 
looked  round,  when  1  saw  a  scene  of  nnexpefSW 
beauty.  I  went  to  my  telescope  with  a  hope  thtfl 
might  be  able  to  make  the  jKiIarization  obscfTalioirti 
ivhcu  I  saw  that  the  sierra,  or  rugged  line  of  pKiJ** 
tious  shown  at  /,  had  arisen.  The  sierra  was  B«f< 
brilliant  than  the  other  prominences,  and  itB  cokx* 
waa  nearly  scarlet.  The  other  prominences  had  p»! 
hajis  increased  in  heig^ht,  but  no  additional  new  on 
had  arisen.  The  appearance  of  the  lierra  nearly  i 
the  place  where  I  had  expected  (he  appearance  < 
the  i>un  warned  me  not  now  to  attempt  any  othi 
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physical  observations.  In  a  short  time  the  white  Sun 
Imnt  forth,  and  the  corona  and  every  prominence 
vuished.' 

Mr.  Hind's  narrative  is  as  follows : — ^  On  first  view- 
ing the   Sun  without  the  dark  glass  afler  the  com- 
mencement of  totality,  three  rose-coloured  prominences 
immediately  caught  my  eye,  and  others  were  seen  a 
few  seconds  later.      The   largest   and  most  remark- 
able of  them  (a  in  Mr.  Airy's  drawing)  was  straight 
through  two-dhirds  of  its  length,  but  curved  like  a 
sabre  near  the   extremity,  tlie  concave   edge   being 
towards  the  horizon.     The  edges  were  of  a  full  rose- 
colour,   the   central   parts   paler,   though   still    pink. 
Twenty  seconds,  or  thereabouts,  after  the  disappearance 
of  the  Sun,  I  estimated  its  length  at  forty-five  seconds 
of  arc,  and  on  attentively  watching  it  towards  the  end 
of  totality  I  saw  it  materially  lengthened — probably 
to  two  minutes — the  Moon  having  apparently  left  more 
and  more  of  it  visible  as  she  travelled  across  the  Sun. 
It  was  always  curved,  and  I  did  not  remark  any  change 
of  form,  nor  the  slightest  motion  during  the  time  the 
Sun  was  hidden.     I  saw  this  extraordinary  prominence 
four  seconds  after  the  end  of  totality ^  but  at  this  time 
it  appeared  detached  from  the  Sun's  limb,  the  strong 
white  light  of  the  corona  intervening  between  the  limb 
and  the  base  of  the  prominence.     About  ten  degrees 
south  of  the  above  object  I  saw  during  the  totality  a 
detached  triangular  spot  of  the  same  rose-colour,  sus- 
pended, as  it  were,  in  the  light  of  the  corona,  which 


griulually  receded  from  the  Moon's  dark  limb,  as  A* 
moved  onwarde,  and  was  therefore  clearly  connecied 
with  the  Sun,     Its  form  and  position  with  respect  to 
the  large  prominence  continued  exactly  tlie  EBine» 
long  as  I  observed  it.     On  the  south  limb  of  the  Mom 
appeared  a  long  range  of  rose-coloured  flames,  wliidi 
seemed   to    be    affected   with    a    tremulous    raotiiiOi 
though  not  to  any  great  extent.      The  bright  r09e-r(» 
of  the  tops  of  these  projections  gradually  faded  towarf* 
their  bases,  and  along  the  Moon's  limb  apjKarcd  * 
bright  narrow  line  of  a  deep  violet  tint ;  not  far  &Wl* 
the  western  extremity  of  tliis  long  range  of  red  flaoe^ 
WBfi  an  isolated  prominence,  about  forty  seconds  ttt 
altitude,  and  another  of  similar   size   and  form  at 
angle  of  145°  from  the  north  toi^arda  the  east.' 

I  may  add  Mr.  Dawes'  account  of  the  great  promi- 
nence marked  a  in  Mr.  Airy's  picture  (fig.  58).  '  A  red 
protuberance  of  vivid  brightness  and  very  deep  tin 
arose  to  a  height  perhaps  1^  when  first  seen,  and  ii 
creased  in  length  to  2'  or  more,  as  the  Moon's  pro- 
gress revealed  it  more  completely.  In  shape  it  some- 
what resembled  a  Turkish  scimitar,  the  northern  edge 
being  convex,  and  the  soutlieru  concave.  Towards 
the  apex  it  bent  suddenly  to  the  south,— or  upwards, as 
seen  in  the  telescope.  Its  northern  edge  was  well 
defined,  and  of  a  deeper  colour  than  the  rest,  especially 
towards  its  base.  I  should  call  it  a  rich  carmiD& 
The  southern  edge  was  less  distinctly  defined,  and 
decidedly  paler.  It  gave  me  the  impression  of  a 
somewhat  conical  protuberance,  partly  hidden  on  its 
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southern  side  by  some  intervening  substance  of  a  soft 
or  flocculent  character.  The  apex  of  this  protuberance 
was  paler  than  the  base,  and  of  a  purplish  tinge,  and 
it  certainly  had  ajlickering  motion.  Its  base  was,  from 
first  to  last,  sharply  bounded  by  the  edge  of  the  Moon. 
To  my  great  astonishment,  this  marvellous  object  con- 
tinued  visible  for  about  Jive  seconds,  as  nearly  as  I 
could  judge,  after  the  Sun  began  to  reappear,  which 
took  place  many  degrees  to  the  south  of  the  situation 
It  occupied  on  the  Moon's  circumference.  It  then 
nipidly  faded  away,  but  it  did  not  vanish  instantaneously. 
From  its  extraordinary  size,  curious  form,  deep  colour, 
uid  vivid  brightness,  this  protuberance  absorbed 
iQuch  of  my  attention;  and  I  am  therefore  unable 
to  state  precisely  what  changes  occurred  in  the  other 
pbenomena  towards  the  end  of  the  total  obscura- 
tion.'* 

Such  are  a  few  of  the  records  of  the  appearance 
presented  by  the  prominences  during  the  eclipse  of 
1851.     It  woiJd  have  been  easy  to  have  filled  forty  or 

*  The  evidence  of  Mr.  Dawes  is  very  valuable,  on  account  of  his 
exceptional  powers  of  vision.  Probably  he  has  never  been  surpassed  in 
this  respect.  It  may  therefore  be  regarded  as  fortunate  that  he  ad- 
dressed his  sole  attention  to  one  prominence;  since  some  of  the  facts  he 
detected  are  such  as  no  later  observations  could  have  more  satisfactorily 
established.  Such,  for  instance,  is  his  observation  of  the  flickering 
motion  of  the  upper  part  of  the  prominence.  He  was  too  well  accus- 
tomed to  recognise  the  apparent  motions  produced  by  our  own  atmo- 
sphere to  be  deceived  into  inferring  real  motion  where  none  existed. 
His  observation  of  the  visibility  of  the  prominence  for  several  seconds 
after  the  Sun's  reappearance  confirms  Mr.  Hind*s,  and  the  fact  is  one  of 
extreme  importance,  as  tending  to  afford  a  measure  of  the  luminosity 
of  the  larger  prominences. 


fifty  pages  witli  the  narratives  of  the  different  obMf> 
vers,  many  of  them  gkilful  and  well- practised  astrono- 
mers. All  agreed  as  to  the  principal  details,  and,  u 
will  he  seen  by  figs.  58-63,  there  was  a  very  satis- 
factory agreement  in  the  pictures  taken  by  different 
observers.  It  would  appear  that  no  doubt  could  any 
longer  remain  that  the  prominences  were  solar  appen* 
dages  of  some  sort  They  had  been  visibly  traversed 
bv  the  Moon,  according  to  the  unexceptionable  evidence 
of  such  astronomers  as  Airy,  Hind,  Dawes,  and  others. 
They  had  continued  visible  when  our  atmosphere  lad 
already  begun  to  be  lighted  up  by  the  direct  rays  of 
the  returning  Sun.  At  stations  far  apart  they  had 
presented  the  same  appearance.  It  would  seem  there- 
fore that  nothing  was  wanting  to  establish  their  real 
relation  to  the  solar  orb,  and  that  no  question  should 
any  longer  have  existed  as  to  the  fact  that  the  pronu- 
nences  are  true  solar  apjiendages,  since  the  jjroofs  were 
BO  complete  that  they  belonged  neither  to  the  Aloon 
nor  to  our  own  atmosphere,  and,  further,  that  they  were 
not  mere  optical  illusions. 

Yet,  in  the  face  of  all  this  evidence,  some  astronomers 
were  still  found  who  maintained  tliat  the  observatione 
were  insufficient  to  establish  the  existence  of  coloured 
objects  so  enormous  as  these  must  be  if  they  really 
were  solar  appendages.  It  has  always  happened  that 
in  the  ranks  of  the  scientific  army  some  have  been 
found  who  refuse  to  credit  the  marvels  which  obser- 
vation is  continually  revealing  on  every  hand.  Des- 
pite all  the  known  wonders  of  the  universe,  the  mere 
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circumstance  that  the  sole  available  interpretation  of 
observed  facts  involves  some  surprising  conclusion,  is 
held  by  such  men  to  be  a  sufficient  reason  for  rejecting 
the  observations  of  the  most  trustworthy  astronomers.* 
So  it  was  in  this  instance.     For  nine  long  years 
astronomy  was  compelled  to  wait  before  she  could  be 
lUowed  to  take  possession  of  her  well-won  new  territory. 
The  amazing  fact  had  been  proved  beyond  all  possi- 
bility of  reasonable  question  that  the  great  globe  of 

•  One  is  almost  ready  to  despair  of  the  cause  of  scientific  progress — 
to  despair  at  least  that  that  progress  will  oyer  be  so  rapid  as  it  might 
nedily  become— when  one  finds  that  each  new  result  must  be  estab- 
Bshed  orer  and  oyer  again  before  it  is  admitted  bj  a  large  proportion 
of  the  scientific  world.  It  maj  be  remarked,  indeed,  that  the  progress 
of  science  has  been  at  least  as  seriously  checked  by  undue  caution  as  by 
vndne  boldness.  It  would  seem  almost  as  though  some  students  of 
•eience  were  continuaUy  in  dread  lest  the  work  of  our  observers 
ihonld  become  too  productiye.  The  value  of  scientific  observation 
seems  to  be  enhanced  in  their  eyes  precisely  in  proportion  as  its  fruits 
lie  insignificant.  In  all  ages  there  have  been  those  who  would  thus 
unwisely  restrain  the  progress  of  legitimate  inquiry.  'We  must  not 
admit  that  Jupiter  has  moons,'  they  said  of  old ;  '  the  Evil  One  may 
have  sent  these  appearances  to  deceive  us.  Let  us  wait  for  further 
observation.'  *The  Sun  cannot  have  spots,'  they  reasoned  again,  'for 
the  Eye  of  the  Universe  cannot  suffer  from  ophthalmia.  These  things  are 
illusiona ;  let  us  wait  for  more  satisfactory  observations.'  '  The  idea 
that  the  Snn-spots  wax  and  wane  in  a  definite  period  is  too  fanciful 
for  acceptance;  and  still  more  absurd  is  the  conception  that  terres- 
trial magnetism  can  have  any  relations  whatever  with  the  progress  of 
solar  disturbance.  We  must  wait  for  fresh  researches.'  'Who  can 
believe  that  flames,  or  clouds,  or  mountains,  many  times  exceeding  the 
Earth  in  magnitude,  exist  upon  or  close  by  the  Sun  ?  These  things  must 
needs  be  illusions ;  at  any  rate,  fresh  observations  are  required  before 
sofih  marvels  can  be  admitted.'  And  as  this  has  happened  with  facts 
now  accepted,  so  it  is  happening,  and  so  (it  is  feared)  it  will  always 
happen,  as  respects  many  other  idJcXs  which  have  been  in  truth 
demonstrated,  but  the  demonstration  of  which  does  not  chance  to  lie 
exactly  on  the  surface. 


the  S»i 


i  surrounded  by  a  deep  layer  of  c 


matter,  while  from  portions  of  tliis  vast  enveli^ 
enormous  protuberances  start  out,  their  height  so  tat 
that  ten  globes  such  as  our  Earth  might  be  piled  (U 
upon  the  other  on  the  Sun'a  surface  without  attuuif 
to  the  summit  of  the  liighest  prominences.  Bnl  thi 
great  fact  was  not  to  take  its  place  in  our  trenliiM  ^ 
astronomy  until,  although  twice  proved  already,  it  hil 
been  proved  once  again  at  least 

Accordingly,  ia  1860,  when  a  total  eclipse  was  teh 
visible  in  Sjmin,  preparations  were  made  for  fituiD/ 
resolving  the  problem  of  the  prominences.  A  host  of 
skilful  observers  devoted  their  powers  to  demongtralinK 
what  had  already  been  abundantly  demonstrated.  Ti 
happened  fortunately,  however,  that  amongst  til* 
astronomers  who  took  part  in  observing  this  important 
eclipse,  there  were  some  few  who  duly  recognised  ti"*! 
importance  of  the  occasion,  and  who  therefore,  lunW 
fruitless  labours  to  others,  applied  themselves  to  ad 
ing  important  questions  respecting  the  coloured  pfwC 
neiices.  Their  results  I  now  propose  lo  describe ;  ba 
ID  the  first  place,  I  will  quote  the  account  which  GoU 
selunidt,  one  of  the  most  skilful  telescopists  of  modei^ 
times,  gave  of  the  prominences  visible  on  thisoccadot 
Some  of  the  facte  recorded  by  him  are  of  extreoi 
interest  and  importance,  especially  as  respects  A 
colour  of  the  prominences,  since  M.  Ooldschmidt' 
practice  as  a  painter  gave  him  exceptional  cxperienB 
in  this  respect. 

M.  Goldschmidt  employed  a  telescope  of  four  indiiS 
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in  aperture,  magnifying   about  forty  times.     About 
half  a  minute  before  totality  he  could  distinguish  ^  little 
grey  clouds,  isolated  in  part,  and  floating  outside  the 
solar  disc  at  some  distance  from  the  edges.     One  of 
these  isolated  clouds  of  a  rounded  form,  and  another  of 
an  elongated  form  which  touched  the  exterior  edge  of 
the  Sun,  were  observed  to  be  of  a  grey  colour  on  the 
pound  of  the  sky,  which  was  a  little  brighter.     An 
instant  afterwards  the  pyramidical  cloud  became  more 
clear,  and  then   rose-coloured.'     ^I    had   thus  been 
present,'  adds  Goldschmidt,  ^  at  the   formation  of  a 
protuberance' — a  remark  which  has  been   somewhat 
niisunderstood  through  being  quoted  apart  from  the 
context.      Clearly,   Goldschmidt  did   not  mean  that 
under  his  eyes  a  prominence  had  started  into  existence ; 
but  that  he  had  been  able  to  recognise  the  gradual 
process  by  which  the  prominence  became  visible  with 
the  diminishing   sunlight.     *  Several   smaller    promi- 
nences,' he  proceeds,  *  were  seen  in  the  neighbourhood 
of  this  one,  resembling  globules  of  mother-of-pearl,  but 
of  an  irregular  form.     These  likewise  became  of  a  rose 
colour  immediately  afterwards,  but  quickly  disappeared. 
The  most  imposing  as  well  as  complicated  of  the  pro- 
minences— which  I  will  call  the  chandelier  (fig.  64)  was 
grand  beyond  description.     It  rose  up  from  the  limb, 
appearing  like  slender  tongues  of  fire,  and  of  a  rose 
colour ;  its  edges  were  purple  and  transparent,  allowing 
the  interior  of  the  prominence  to  be  seen ;  in  fact,  I 
could  see  distinctly  that  this  prominence  was  hollow. 
Shortly  before  the  end  of  the  totality,  I  saw  escape  from 
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the  extremities  of  the»e  roso-coloared  and 
^Cftvcs  of  light,  a  sligltt  display  in  the  i<ha[w  nf  i  (a, 
which  gave  to  the  protuberance  a  real  resembliUK.v  lui 
chandelier.  Itfi  base,  -which  at  the  oonunentenivot «( 
the  totality  waa  noticed  very  decidedly  on  the  hUet 
liinb  of  tlie  Moon,  became  slightly  lesa  attached,  and 
the  whole  took  an  appearance  more  ctliereal  ui 
vapourish ;  however,  I  did  not  lose  sight  of  it  for  a 
instfuit.  The  jcta  of  light  which  came  from  the  a- 
tremitics  disappeared  'with  the  appearance  of  tlic  Gnt 
rays  of  the  Sun ;  but   it  was  not   so  with  them* 

Q  I 

tuberauce  itself,  for,  an  instant  before  the  end  of  t** 
totality,  I  saw  several  small  jiruminencea  appear  lyix^ 
close  to  each  otiier  on  llie  right  of  ita  base,  and  forr' 
iug  a  square,  which  is  the  character  of  toothed  protff' 
iicnccs ;  two  others  of  the  same  height  were  seen  o^ 
the  left  side  of  its  base  when  the  Sun  had  already 
appealed.  The  norti)  horn  of  the  solar  creec«is 
touched  the  last  of  these  prominences  _fpHr  minuttt  oM 
forty  seconds  after  the  reappearance  of  the  Sun.  Thi 
intense  light  caused  me  to  abandou  this  intereatinj 
observation,  for  I  was  sot  at  tlie  time  using  a  Ctilouroi 
glass  i  however,  I  am  certain  that  the  '  cliaudelier '  aw 
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^^^Kttle  prominences  at  its  base  had  not  di8ap])ciired  up 

^^Hm  moment.   Although  I  am  convinced  that  the  pro- 

^^Brtnces  belong  to  the  Sun,  nevertheless  I  ought  to  re- 

^^^p;  that  at  the  last  moment  I  was  surprised  to  see  the 

^^^^etion  of  the  ehandrUtr  referred  to  the  centre  of  the 

Moon  rather  than  to  the  centre  of  the  Sun '  (in  other 

words,  the  chandelier  was  somewhat  inclined).     *  The 

i>eight  of  the  prominence  was  eetiinateii  about  three 

ninutee  and  a  half  at  the  commencement  of  tlie  totality, 

•nd  four  minutes  at  tlie  entL     A  second  protuberance 


65)  appeared  on  the  apparent  right  of  this, 
**  a  distance  of  about  thirty-five  degrees,  being 
about  3^  minutes  in  height  and  nearly  of  the  form 
of  the  Bynibol  of  the  planet  Saturn  (  I; ) ;  this  pro- 
ntinence  1  have  called  the  huok.  A  thinl,  to  the 
right  of  the  two  preceding  and  at  a  distance  equal  to 
tliat  of  the  two  others,  assumed  a  form  of  which  it  is 
difficult  to  give  an  idea;  however,  I  will  call  it  the 
toatk.  About  eleven  degrees  to  the  right  of  the  second 
protuberance,  I  noticed  a  fourth,  small  and  in  the  forn\ 
of  a  square;  between  this  and  the  third  there  was 
situated  a  rose-coloured  cloud,  the  shape  of  which  was 


elongatecl  and  bent,  inclined  at  an  unfile  of  fortj-Gl. 
degrees  towards  the  left  limb  of  tlie  Mwm.  Thii  dost 
was  entirely  detached,  floating  on  the  con 
j'ed  cloud  at  sunset.  I  ts  centre  was  elevated  above  tk 
limb  of  the  Moob  about  one-half  the  altitude  of  4 
other  prominences,  or  about  two  mioutes.  A  fiAh  pd 
tuberance  also  appearetl  at  the  beginning  in  the  sond 
ea»t,  and  was  of  increased  size  in  the  middle,  of  ll 
tntalit}'.  /  ovffht  to  remark  that  all  the  jirotubrroMn 
tchich  I  noticed  had  a  trndcncy  in  their  furm  to  daail 
a  curiae,  the  coneavittf  of  tchich  ic«*  turned  from  ti 
side  of  the  west  J 

But  the  principal  interest  of  the  eclipse  of  18( 
attaches  to  the  photographic  work  of  Fr.  Secclti  at 
Mr.  DeLaRue. 

To  secure  a  photograjjh  of  the  Sun  itself  is  I 
problem  of  a  wholly  different  character  from  that  wlud 
these  two  astronomers  had  set  themselves  ;  for  o 
to  the  intense  brilliancy  of  the  solar  light,  the  exposUt 
necessary  to  secure  a  photograph  of  the  Sun  is  of  Ut 
briefest.  For  a  minute  fraction  of  a  second  the  imagl 
ot  the  Sun  must  fall  on  the  prepared  plate ;  but  for  w 
longer  interval,  or  a  mere  blurred  patch  would  rewar 
the  photographer.  But  to  secure  a  jncture  of  the  * 
prominences,  an  exposure  of  appreciable  length  i 
required.  Nor  was  it  one  of  the  least  difficulties  a 
f?ecchi  and  DeLaHue  that  the  length  of  timcactoaU 
re([uircd  was  unknown  to  them.  All  their  work  i 
tentative;  and  there  vns  every  reason  to  fear  tl 
success  was  iuipo«isible  on  account  of  the  colour  of  tl 
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nences.  A  red  or  orange  light  has  commonly  no 
c  power  whatever ;  insomuch  that  the  *  dark 
'  of  the  photographer  is,  in  a  photographic  sense, 
,  Nearly  as  dark  when  ita  walls  are  of  orange-coloured 
^jg^ass  as  though  they  were  absolutely  opaque.  So 
v^dut  if  the  light  of  tlie  prominences  really  were  pure 
NT^d,  it  was  hopeless  tO  endeavour  to  obtain  photographs 
f'of  these  objects.* 

Despite  the  difficulties  which  the  problem  presented, 

I&fid  the  disheartening  anticipations  which  their  ex- 
perience as  photographers  justified  them  in  forming, 
the  two  physicists  I  have  named  boldly  entered  on 
ibeir  task.  They  adopted  different  methods.  Mr. 
De  La  Rue  employed  the  Kew  heliograph,  and  the 
small  image  fonned  at  the  focus  of  the  object-glass  wa3 
enlarged  before  heiug  received  ■upon  the  plate.  Secchi 
preferred  to  receive  on  the  plate  the  image  formed  by 
tie  object-glass  of  his  telescope.  This  image  was  about 
10  inch  in  diameter, 
'  The  result,'  says  Secchi,  '  proved  that  both  systems 

•  It  Is  wurthy  of  Doticp,  anil  affords  a  frrah  proof  (if  proof  wto 
■Wltd)  of  the  feet  that  obstrvalionn  tavf  iaToliv  inipordint  rtaulls 
■Itngtlhi?  spiut  from  Ihrir  direct  BignificKnce,  that  ihe  BUirceaafUl  photo- 
ll^ibilig  of  the  prominencei  aflbrded  sIL  but  oompiete  proof  of  thai 
rtiA  tns  aftenrardB  demonBtratod  bj  the  ipoctniacope — Ihe  fuel, 
tUDclj'.  thai  the  promineDoiw  Fonsiet  of  glowing  vapour.  Sei^lii  or 
D«  Ia  Boi!  mighl  quite  confidently  liDTe  asrertcd  that  trhea  Ihe  promi- 
MSCM  ram*'  tu  be  examined  with  the  spectrcscope,  their  apecCru  would 
■h<iw  a  bund  or  biutda  near  the  blue  end  of  ihe  apeelrtiin,  stpumled  bv 
villa  ilatlL  f;aii*  from  certain  banda  in  the  red  and  orange  part.    Th« 
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are  excellent,  each  having  its  special  advantages.  In 
the  enlarged  image  one  can  distinguish  more  detul^ 
but  the  direct  image  gives  a  greater  extension  to  ths 
corona.' 

The  two  observers  were  situated  at  different  stations. 
— Fr.  Secchi  at  the  Desierto  de  laa  Paliuas,  near  th« 
Mediterranean  ;  Mr.  Dc  La  Rue  at  Riva  Bellosa,  near 
the  Atlantic.     Thus  an  interval  of  about  six  niinuteg 


III  plintogm 


lu  duriajt  the  tuul 
I.    (ife  Im  Rue.) 


clip«  u 


elapsed  before  the  Moon's  shadow  passed  from  one 
station  to  the  other,  and  an  opportunity  was  afforded  of 
determining  whether  the  prominences  change  rapidly 
in  figure.  Besides  this,  there  was  a  slight  difterence  in 
the  apparent  course  traversed  by  the  Moon's  disc 
in  cnissing  the  Sun's ;  for  Secchi  and  De  La  Rue 
w  ere  at  different  distances — and,  as  a  matter  of  fact,  on 
opjKisitc  sides  of  the  path  of  the  centre  of  the  Moon'a 
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shadow,  so  that  De  La  Rue^s  series  of  photographs  shows 
more  of  the  prominences  on  the  superior  part  of  the 
Sun's  limb,  while  Secchi's  scries  shows  more  of  the 
prominences  on  the  inferior  portion. 

It  will  be  unnecessary — so  closely  do  the  two  series 
resemble  each  other  in  all  essential  respects — to  exhibit 
both  ;  but  further  on  there  will  be  found  a  copy  of  one 
of  Secchi's  pictures  (fig.  82,  p.  327),  which  the  readt^r 
may  compare  with  figs.  66  and  67,  copied  from  Mr. 
De  La  Rue's  photographs. 

>  ^  It  will  be  noticed  that  fig.  66  represents  the  earliest 
•^^|lnM.  The  Moon  is  advancing  from  right  to  left,  and 
"jltaia  jnst  hidden  the  last  fine  thread  of  direct  sunlight 
-yltOk  llie  left.  Thus  we  see  the  full  height  of  the  pro- 
.^j^fmrm  on  the  left,  while  no  prominences  are  seen  at 
JUton  the  right  of  the  Sun.     At  the  upper  and  lower 


of  the  Sun's  limb  the  prominences  are  partly 
.^Wnsealed,  and  necessarily  remain  so  throughout  the 
idipse.  In  fig.  67  the  Moon  has  obliterated  a  large 
proportion  of  the  prominences  on  the  Icft^  while  it  has 
in  turn  revealed  a  number  of  small  prominences,  a  long 
range,  or  sierra,  and  a  lofty  and  massive  j)rojection, 
on  the  upper  right-hand  quadrant.  Fr.  Sccchi  ob- 
served the  prominences  directly,  and  with  great  care, 
while  his  assistants  managed  the  photography.  Amongst 
the  phenomena  he  noticed,  I  may  mention  the  circum- 
stance that  the  strange  prominence  seen  in  both  figures 
on  the  up})er  left-hand  quadrant,  possessed  a  helicoidal* 

*  It  would  be  well  if  this  word  *  helicoidal  *  were  always  employed  in 
this  Sense,  in  preference  to  the  word  'spiral/  which  niiglit  be  couveniently 
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fitnicture.  Id  the  tn&giiiSed  picture  from  Mr.  0*1 
La  Rue's  photographs,  thU  structure  con  be  clwlf  I 
recognised.* 

Fr.   Sccchi    thus   summed    up    the    result   of  I 
observation  6 : — 

1.  The  prominences  are  not  mere  optical  illuoan;  I 
they  tire  real  phenomena  appertaining  to  the  Sun.  Out  I 
obeervations  having  been  made  at  two  places  sepsmUA  | 
a  hundred  leagues  from  each  other,  it  is  imposaible  V> 
suppose   that  shapes  so  well  defined  and   m  exKlJy 
identicul  could  be  produced  by  a  phenomenon  rcMinblui|C  1 
mirage. 

'i.  The   pniminences  are   collections    of   luminotttfl 
matter  of  great  brilUaucy  and  pusBesaing  a  remarktUe 
photographic  activity.     This  activity  is  so  great  HuX 
many   of  the   prominences  which  are  visible  i 
negatives  cuuld  not  be  seen  directly,  even  with  power-^ 
ful  instruments,  perhaps  because  tbey  einittud  onlyl 
chemical  rays  and  few  or  no  luminous  rays,t 

3.  There  are  masses  of  prominence  matter  suspeod 

ni"trict«l  to  cuTTeB  Jyiig  in  a  pIiiDp.  I  am 
HB  mure  camel.  Init  only  on  the  conrcaipt 
fxpresa  ipiraJ  carveH  Dot  tying  in  oan  plane,  \ 

*  Bccrhj  nolicct  tlie  appureDt  eneroachini'iil  or  till*  promineuv  vp*"^'  * 
Ih"  UoonV  limb— n  peculiarity  iriiich  be  awriWs  lu  llia  fad  llial  t^'  ] 
Muoii  »»  moring  unrny  from  the  prominwioe  wliiioitn  \i\ntti  wm  no^**' 
fiposQi*,      DoubticM,  thin   pirr-umttsiioi'  produMd  ir«  cflbel;  but   '\5 


pheDomenau  in  cbigHy  d 


Or. 


Curtis,  I 
difVetoptn»i 


accordiug  to  tbe  cxprrimMiktl  mNuditf   ' 


pnicesa  i 


'  c:liaiiiieal  eaaroiii'Iiiiii!! 


I  The  ipwtKi^copic  obnMTotion 


t-fiil  111  Uiniw  doubt  on  this  coniJuaion,  nhieh,  boireip, 

with  th»obaBrTBtimiB: 

labomlary 


I    plMB  A 

%  lb<  Amoncaa  «oti^ 


madeb.TMr.  IleLaliue,  uidalM,bvitMti«Mli« 
'  10  *p«ctruiB  uf  hydragm. 
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and  isolated  like  clouds  in  the  air.  If  their  form  is 
variable  the  variations  take  place  so  slowly  that  it  is 
impossible  to  recognise  their  effect  during  an  interval 
often  minutes.* 

4.  Besides  the  prominences,  a  zone  exists  of  the 
8ame  material,  enveloping  the  whole  of  the  Sun's 
globcf  The  prominences  spring  from  this  envelope ; 
they  are  masses  which  raise  themselves  above  the 
general  level,  and  even  at  times  detach  themselves 
from  it.  Some  Among  them  resemble  smoke  from 
chiomeys  or  from  llie  craters  of  volcanoes,  which,  when 
arrived  at  a  certain  elevation,  yields  to  a  current  of  air, 
and  extends  horizontally. 

5.  The    number  of   prominences  is  incalculable. 
When  observing  the  Sun  directly,  its  globe  appeared 
to  be  encircled  with  flames ;  there   were  so  many  that 
it  seemed  hopeless  to  attempt  to  count  them. 

6.  The  height  of  the  prominences  is  very  great, 
especially  if  we  notice  that  account  must  be  taken  of 
the  portion  concealed  by  the  Moon.  Thus  estimatecl, 
the  largest  protuberance  visible  in  1860  was  certainly 
not  less  than  three  minutes  in  height,  which  corre- 
sponds with  about  ten  times  the  diameter  of  the  Earth  ; 
the  others  had  a  height  of  from  one  to  two  minutes. 


*  L&ter  observations  show  that  this  opinion  must  be  modified,  and 
that  though  many  of  the  Liige  prominences  remain  unchanged  m  figure 
for  a  considerable  interval^  jet  others  change  very  rapidly. 

t  Grant,  Swan,  and  Von  Littrow  had  already  recognised  this ;  and 
Leverrier,  from  observations  made  during  the  same  eclipse,  had  come  to 
the  same  conclusion.  The  matter  is  alluded  to  further  on.  (See  note 
in  pp.  290,  291.) 
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«l»ve  the  Sun's  level.  Xnr  need  we  infMliiy  tliis  con- 
clusion on  account  of  the  layer  of  red  matter  which 
luBbeen  shown  ljy  the  observations  already  described  to 
surround  tlie  solar  globe,  since  undoubtedly  the  highest 
pnmiinences  extend  considerably  more  than  three 
luinutes  even  above  the  upper  surfiice  of  tliis  red  layer. 
But  now,  having  considered  a  side  view,  let  us  con- 
ceive the  case  of  a  view  from  aWve.  Supjwise 
«')  fi",  aud  c    (6g.   68)   to  repreHcui  the  same  three 

Frn.  BR. 


Itlutmling  urn  diBlritiutiiiu  ut  liirge  prooiiceucea  utrr  Itio  Injun's  siu-ruce. 
prominences  brought  round  so  as  to  be  viewed  from 
above.  Then  the  actual  boundary  of  the  Sun  thus 
Mewed  would  be  represented  by  the  circle  8  »',  such 
that  whereas  a'  (f  represents  500,000  milea,  s  s'  repre- 
eent«  850,000  miles.  In  order,  therefore,  that  a  pro- 
minence of  the  full  height  of  80,000  miles  aeen  from  a 
dbtant  point  lying  towanla  the  right  or  left  may  be 
visible  above  the  level  of  the  red  envelope,  it  ie  ob^'ioua 
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that  it  must  lie  somewhere  on  the  part  A  d  F  C,  bo^ 
as  the  hemisphere  shown  ia  fig.  68  is  concerned,  or  on  > 
similar  portion  of  the  other  hemisphere.  Now,  the 
curved  surface  a  f  bears  to  the  whole  surface  of  the 
hemisphere  s  d  a'  C  tlie  same  pro])ortioii  that  a'  e'  bean 
to  a  s'.  Hence  the  extent  of  surface  on  whifh  a  promi- 
nence 80,000  miles  high  must  be  placed  in  order  that 
it  should  be  visible  from  a  distant  point,  is  about 
fifty  eighty- fifths,  or  ten -seventeenths  of  the  whole 
surface  of  the  Sun.  Hence  it  would  follow  that  if 
ten  such  prominences  could  at  any  time  be  counted  by 
the  observer,  then  only  some  seventeen  exist  in  all  prO" 
bability  at  that  time  over  the  whole  surface  of  the  Sun-    ' 

Furthermore,  it  is  easily  calculated  in  the  same  wa^ 
that  for  a  prominence  really  as  high  as  those  which  seen* 
three  minutes  high  to  appear  so  high  as  two  minutes^ 
it  must  lie  on  a  zone  of  the  Sun  including  nearly  one^' 
third  part  of  liis  whole  surface ; '  insomuch  that  if  even 


*  The  mode  of  cakulntion  is  eieecdiiigl;  simple  Thus,  adding  twice 
three  minuti^s  to  tba  Sun's  diametfr  ve  get  ubout  thirly-eij-lit  miduta 
(whieh  mii;  be  regarded  n«  including  the  redlnjerMiEilJ  HI  three miaiites 
forthe  prominenceit).  Now,  for  a  promlnencoraaUy  thnw  minutes  high  < 
lo  appear  a,t  leust  two  niiuutea  higli  (I  use  minutes  here  as  a  coiiTPiiietil  1 
eipreHfiion  both  for  real  nnd  nppnrent  height)  its  summit  must  obviously 
lie  not  liirtfaer  than  v'l  x  'A1  minutfls  from  a  great  circle  of  an  iojigi- 
nary  sphere  thirty-eight  minutfti  in  diameter,  this  great  circle  Imng 
that  vhose  plane  is  perpi^dipulnrto  the  line  of  sight  rrom  the  obicrrer. 
Thiu  the  whole  zone  on  which  its  summit  may  lie  will  constitute  i«(ber 
more  than  twelve  thirty-eightliu  oftfao  surface  of  that  imaginSiry  siibrre, 
and  obviously  the  whole  zone  on  which  its  bnae  nioj  lie  will  constitute 
the  huhb  proportion — tMt  is.  nforly  onu-thiRl — of  the  surfaee  of  t!ie 
Sun  itself. 

The  general  role  would  be  as  follows  : — The  «ine  on  which  a  promi- 
nence—which if  really  on  the  limb  would  appear  m  minutes  liigh — miut 
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so  many  as  ten  prominences  of  this  height  could  at  any 

time  be  counted  (which  cannot  but  be  regarded  as  a 

very  exceptional  circumstance)  then  only  about  thirty 

Buck  prominences  exist  in  all  probability  at  that  time, 

over  the  whole  of  the  Sun's  surface.     In  such  a  case 

also  the  total  number  of  prominences  actually  visible 

above  the  level  of  the  red  layer  should  (by  the  result 

of  the   preceding  pa]*agraph)  be  ten-seventeenths  of 

thirty,  or   about  eighteen, — unless,  besides  the  thirty 

prominences  of  the  height  mentioned,  there  were  other 

inferior  ones,  in  which  case  more  than  eighteen  would 

of  course  be  visible. 

It  follows  obviously  from  the  comparatively  small 
number  of  very  high  prominences  ordinarily  seen  either 
during  eclipses  or  by  the  methods  presently  to  be  de- 
scribed, that  even  if  the  astronomer  could  roam  at  his 
will  around  the  Sun  in  search  of  lofty  prominences, 
instead  of  being  limited,  as  he  is  in  reality,  to  a  single 
Tiew  of  the  Sun  as  a  disc,  he  would  seldom  (if  ever)  be 
able  to  discover  many  of  these  amazing  objects.  Al- 
though, taking  eclipse  with  eclipse,  the  prominences 
cannot  be  regarded  as  exceptional,  since  every  total 
eclipse  yet  observed  has  revealed  one  or  more  promi- 
nences of  an  amazing  altitude,  yet  as  regards  the  Sun's 
surface  they  are  few  and  far  between.    So  few,  indeed, 

lie,  in  order  that  it  may  not  appear  less  than  m'  minutes  high,  covers  ii 

space  of 

Vim — m')  {d-^m-k-m!  Q 
d  +  2m 

where  d  is  the  Son's  apparent  diameter  in  minutes  and  S  the  Sun's 
surface. 


must  they  be,  as  to  render  it  extremely  probftUt 
not  one  of  tlioee  vet  seen  has  been  so  cxnctly  on  ttie 
real  finib  of  the  Sun  as  to  be  seen  in  ita  full  propor- 
tions; nor  would  it  be  very  hnzanious  to  assign  five  or 
six  minutes  as  a  height  to  which  the  highest  protni- 
nences,  when  most  favourably  seen,  rany  hp  esjtected 
to  attain.'  So  that  we  may  regard  13(i,(Hin  miles  « 
no  exaggerated  estimate  of  the  height  of  these  won(le^ 
ful  objects.  If  fig.  69  represcntB  a  6ame  four 
minutes  in  height,  then  the  four  interior  (or  so-called 


terrestrial)  planets  would  be  represented  on  the  same 
scale  by  the  four  email  discs  shown  on  the  convolu- 
tions—Mercury uppermost,  then  Venus,  the  Earth  and 
Moon,  and  Mara;  while  even  the  giant  bulk  of  Jupi- 
ter would  bear  no  greater  proportion  to  the  enormous 
solar  prominence  than  is  shown  by  the  dimensions  of 
the  largest  disc  in  fig.  69, 

Let  us  pi-oceed,  however,  to  those  more  recent  re- 

•  SiDce  thiH  waa  wriltcn  I  rweirnl  tho  uccounl  of  Kesjiighi's  dbaer- 
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searches  by  which  the  actual  constitution  of  the  pro- 
minences, and  even  in  some  sort  the  part  they  play  in 
the  economy  of  the  Sun's  globe,  have  been  ascertained 
by  astronomers  and  physicists. 

Direct  observation  had  been  employed  during  the 
eclipses  of  1842, 1851, 1855,  and  1860.  Photographic 
records  had  been  obtained  during  the  last  of  these 
eclipses.  But  a  method  of  research  more  powerful 
than  telescopic  observation  or  photography  was  now  to 
be  applied  to  the  solar  prominences.  These  objects, 
whether  regarded  as  self-luminous  or  as  shining  by 
reflecting  certain  portions  of  the  solar  light,  were 
clearly  well  suited  for  the  application  of  the  spectro- 
Bcope.  That  powerful  mode  of  analysis  which  will 
detect  the  elements  present,  even  to  the  minutest  con- 
ceivable extent,  in  coloured  terrestrial  flames,  seemed 
to  promise  results  of  the  highest  interest  and  impor- 
tance whenever  it  should  be  applied  to  these  coloured 
solar  prominences. 

Accordingly,  Colonel  Tennant  (to  whom  astronomy 
owes  a  debt  of  gratitude  on  this  account)  early  called 
the  attention  of  the  scientific  world  to  the  importance 
of  studying  the  great  eclipse  of  August  18,  1868,  not 
only  with  the  telescope  and  by  means  of  photographic 
appliances,  but  under  the  searching  powers  of  the 
most  wonderful  method  of  research  yet  invented  by 
man. 

Accordingly,  two  well-furnished  expeditions  set  forth 
from  England,  supplied,  through  the  liberality  of  the 
Indian  Government  and  of  the  learned  societies  of  this 


I 


eoantr^,  witli  the  means  of  Mitwfxctorilj 
ii]i|M>rt&nt  ioreatig^ations  irliicli  had  b<!ea  euggcsud 
Messrs.  Huggins,  Oe  La  Rue,  and  other 
a^tronomere  and  physicists. 

In  the  first  place  ic  will  be  well  to  coi 
pfaotf^raphic  and  other  records  of  this  eclipse. 

I  have  selected  the  six  photographs  taken  hj  M>j(ff 
l[now  Lieut.-Col.)  Tennant,  at  Guntoor,  as  not  enly 
affording  ^e  most  complete  illustration  of  this  partiut- 
lar  eclipee,  but  as  suppl^Hng  the  best  illu»tntioa  of 
eelip^  photographs  yet  obtained.  The  length  of  time 
during  which  the  Indian  eclipse  lasted  gave  Majar 
Teonant  the  means  of  taking  a  large  number  '•f 
reoorde,  with  a  longer  exposure  than  was  poSEiblc 
during  the  American  ecli|»e ;  and  a  value  belongs  to 
one  series  taken  at  a  given  station  with  the  siinie 
instrument  and  by  the  same  proccBS  which  cannot  1*« 
assigned  to  a  larger  series  combining  the  labours  "^ 
dillerent  observers.  It  is  on  tliis  account  that  I  ha^ 
preferred  to  present  in  Plate  III.  the  photographs  * 
the  eclipse  of  1868,  rather  than  those  obtained  durif* 
the  eclipse  of  1869. 

The  instrument  employed  by  Miyor  Tennant  was 
Browning,  with  reflector  of  nine  inches  clear  apertuK 

'  It  WHS  determined,"  says  Major  Tennant,'  to  ado; 
the  Newtonian  funn,  and  to  place  the  sensitive  plat< 
at  the  side  of  the  tube  in  order  to  find  room,  whic 
would  be  very  difficult  at  the  end  of  the  tabe;  tV 
small    mirror    thus    rendered    neecsaary 

lusuaUy  large  in  order  that  it  might  re 
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rays  from  a  surface  of  some  diameter^  and  it  was  hoped 
that  by  this  means,  and  by  giving  a  sufficient  exposure, 
*  picture  of  the  corona  might  be  secured ;  but  light 
clouds  so  decreased  the  actinic  power  of  the  light  as  to 
defeat  this,  though  still  we  have  traces  of  the  corona.' 
M^ajor  Tennant  remarks,  also,  that  although,  owing  to 
^c  lownees  of  the  latitude,  an  entirely  new  design  was 
^^'^cjuired,  while  *  from  the  necessities  of  its  construction 
^«  instrument  could  not  be  tried  before  being  sent 
^U.t,'  yet  the  photographic  arrangements  were  very 
good  and  convenient,  the  instrument  very  firm  and 
steady,  while  the  force  required  to  direct  the  telescope 
^as  very  small* 

The  weather  had  been  remarkably  clear  for  several 

^^ys  before  the  eclipse,  and  a  magnificent  view  of  the 

t^lienomenon  would  have  been  obtained  had  August  18 

^^embled  its  precursors.     But  unfortunately  on  the 

^^loming  of  the  eclipse  the  eastern  sky  was  clouded 

Oyer  with  cumulo-stratus  clouds,  which  although  not 

Bufliciently  dense  to  interfere  with  vision,  were  very 

Annoying  accompaniments  to  the   processes  of  solar 

photography.     It  had  been  arranged  that  during  the 

Bix  minutes  of  totality  six  plates  should  be  exposed. 

Notwithstanding  the  unfavourable  condition  of  the  air, 

this  arrangement  was  carried  out;  and  it  was  fortunate, 

as  it  turned  out,  that  no  longer  time  was  given  for  the 

exposure  of  the  successive  negatives,  since  otherwise 

they  would  in  all  probability  have  been  spoiled. 

Sergeant  Phillips  and  two  Sappers,  specially  trained 
for  the  purpose  at  Mr.  De  La  Hue's  observatory. 
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Omaford,  superintended  the  subordinate  arrange- 
meiits. 

Major  Tennant  thus  describes  the  six  photogni|>hf 
(see  Plate  III):  — 

Photograph  1.  The  exposure  was  as  short  as  posi^i* 
ble — probably  less  than  a  set-ond.  In  this  photograph 
some  glare  has  ft^ged  the  plate  a  little,  but  the  follow- 
iug  things  are  noteworthy  :— First.  The  enormous  born 
on  the  north  side,  whose  heiglit,  as  derived  from  the 
Moon's  diameter  (about  thirty-four  minutes),  is  three 
minutes,  eighteen  seconds,  corresponding  at  the  distance 
of  the  Sun  to  88,900  miles.  Secondly.  The  ridge  of 
light  extending  round  the  upper  limb  of  the  Moon,  so 
bright  as  to  be  markedly  seen  thi-ough  the  thickest  of 
the  fog,  though  the  glorious  horn  i«  paled.  Near  the 
horn  this  light  is  clearly  broken  into  beads,  as  maj  be 
seen  in  Mr.  James's  picture  of  the  horn,  and  is  occasion- 
ally double.  Thirdly.  At  its  southern  end  this  ridge  is 
terminated  by  a  protuberance  of  singularly  complicated 
structure. 

Photograph  2.  Taken  almost  exactly  one  minute 
after,  and  exposed  for  five  seconds.  '  North  of  the 
great  horn  we  see  a  peculiar  and  faint  figure,  shaped 
(generally)  like  a  bow,  but  with  interruptions  and 
nuclei  of  light,  and  having  an  arrow-like  spike  in  the 
middle  of  its  base.  Next  we  have  the  great  horn, 
which  baa  here  been  over-exposed.  The  Moon's  limb 
has  advanced  as  far  as  the  point  where  the  two  lower 
branches  seen  in  No.  1  meet,  leaving  only  a  trace  of 
the  bifurcation,  and  the  upper  part  of  the  horn  is  of 
course  larger  than  in  No.  I,  as  fainter  parts  have  come 
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into  view.  When  this  pliotograph  ia  well  illumiiiated, 
traces  of  tJie  Rp!ral  structure,  so  apj)arent  in  the  rest, 
«re  seen ;  but  it  would  be  difficult  to  recognise  it 
ivithout  the  other  pictures.  Passing  on,  the  Moon's 
limb  is  on  the  edge  of  the  fiuntly  luminous  stratum  1 
bave  described  in  No,  1,  which  ia,  of  course,  now  far 
more  marked ;  and  as  we  approacli  the  south  we  see 
the  prominences  mentioned  under  Ko.  1  as  being  in 
the  faint  stratum,  and  then  reach  the  upper  part  of  the 
former  terminal  prominence,  where  the  long  cspoaure 
bas  now  blotted  out  all  traces  of  structure.' • 

Photograph  3.  Exposed  one  minute  six  seconds  later, 
and  fur  ten  seconds.  '  It  is  evidently  less  affected  b_v 
light  than  No.  1,  and  was  probably  taken  through  a 
light  cloud.  Here  the  great  horn  again  claims 
attention ;  ita  spiral  structure  is  now  clearly  made  out. 
Xhe  oudine  of  the  Moon  is  wanting  till  we  reach  the 
Houth  terminal  protuberance  of  No.  1,  which  is  now 
nearly  hid<len  ;  and  in  its  neighbourhood  we  again  see 
the  flare  of  which  I  spoke  in  describing  No.  2.' 

Pliotogi'aph  4.  Exposed  fifty-two  seconds  later, 
nnd  for  five  seconds.  '  Nothing  is  seen  but  the  great 
horn,  but  that  picture  is  of  singular  beauty.  The 
continually  varying  intensity  of  the  light  and  ita 
■nnrkedly  epiral  structure  are  the  material  points.' 

Photograph  5.  Exposed  one  minute  tliree  seconds 


fc 

^Bm 


Tlw  nciglibuurhood  of  both  t\itf^  prominfticea  is  marktd  b;  light. 
_  i»to  th<  coronii  in  irrpgulacly.riirvwl  lima,'  ndiU  Miy'or  Tmuanl, 
lUa  DHTHipoiKU  to  tliepnrt  of  Lkic  coroaa  whicb  h\a  \/Bra  ileHcribHl 
O^rf  in  Jlranfitl  luid  ochen  ns  moet  bright.'  This  remiu'l:  «iU  lit 
intpartAiit  vhen  we  are  upon  rhc  «itbj(i<;i  uf  the  a 


2/4 


THE  .srx. 


later,  and  lor  a  short  interval  only.     '  The  great 
18  still  conajiicuouB  on  tlie  east  side  of  the  iliac ; 
the  outline  of  the  Moon  U  marked  roiitid  titn 
tera  of  the  cireuml'ercnce.     The  toji  of  u  proi 
on  ihu  nui-tli-wcElside  of  tlic  liinh  is  i^cc 

Phdtograph  6.  Tliia    plate  was  exposed    but 
^hort  time,  like  the  first  and  fifth,  and  one  and  i  MF 
minutes  after  the  last     '  It  is  ft  picture  rk  Inte  ■»  if 
vins  thought  prudent  to  take  it  durin);;  thu  almvncc  "t 
ihc   !Sun,     On  the  80utli-«afit  s^ide.  whbFC  the  oovm 
was  bright«Ht,  are  traces  of  it ;  and  tfie  whole  limti 
from  nortli  to  aoulli-wcat  ahowB  a  trace  of  t-umoa,  anu 
a  series  of  beautiful  pruttiberanccH,  luily  ime  of  wlii'li. 
however,  is  large.     In  the  original  it  appears  iuSaI<-<l- 
To  me  it  resembles  exactly  a  toy  hallunu  in  llie  tliiii»* 
(if  an  animal.     There  is  a  mark  as  of  aii  open  niainl* 
ihe  eje  and  the  neck  are  marked,  and  the  tiul  »laii«3* 
nut   stiffly  behind.     1  mention  these   details  hoeini^=^ 
lliey  lomplete  the  appearance  of  inflation  by  tliB  r  -^i 
eeiiihlauee  they  cause  to  what  one  bos  seen  iH  tl' 
state.  I  would  especially  draw  attention  to  the 
ance  as  of  a  strong  current  of  air  (so  to  speak)  hlinfia^^ij 
from   north   to   south,   and    bending  o^er    anil  ev  «l 
detaching  and  carrying  away  the  tops  of  prominence^*- 

It  is  well  worthy  of  notice,  also,  that  the  homs-*'^ 
ciinlinuea  partly  visible.     It  cannot,  indeed,  havel 
completely  hidden  even  at  the  moment  when 

3  about  to  reappear." 

R"l  IhJuV  thi*  Mcwmt  woiiU  V  inrampWi-  wen 
H  ti'TOWkB  "ill'  wliidi  Miyor  Teiiniint  rlosei 


At   iitlier   ]i\&ces   along   tlie   Imck   uf  tin;    eclijisf 
aimiliix  appearances  were  jierceived ;  nor  have  we  any 


;   pholugr.iiihdl  iic  Adrii. 


SvpHL  .  '  Thrvughout,'  he  sajs,  'X  linve  Bpukea  u!  ni^iHilf  )u  sburing  in 
Uu  pboti^raphy.  I  pertainlj'  etpoiwd  «nd  devtlopcd  ii  few  pUles,  and 
SmeraUf  HaporiDtcnded  nil  thnt  Tciit  oa,  nod  bo  fiir  J  inu 
Ipodent  of  thh  department :  but  the  trouble  of  cadcHVouring  U  break 
in  Dew  and  nnakilled  handii.  and  of  rarrj'ini;  out  the  detaLU,  fell  on 
SrigBont  Pliillipe.  lu  who»e  steadiness  and  detennination  (a  auviwid, 
the  rustilt  in  thin  nmlicr  i;  mainlj  dui-.     He  was.  niorcui  ur,  most  uiieful 
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distinct  evidence  pointing  to  n  change  of  figur*  dimog 
the  prioress  of  the  Moon's  shadow  from  Aden,  iu  ibii 
west,  to  Mantawaloc  Kekee,  the  most  easterly  statioQ 
where  the  phenomena  of  the  eclipse  were  witnessed  by 
competent  observers.  The  accompanying  picture  (fig. 
70)  represents  the  eclipse  as  photographed  at  Aden 
ahont  forty  minutes  before  the  ahndow  reached  GuP- 
toor.  There  is  little  in  this  picture  to  establish  tbe 
occun-ence  of  a  change  of  figure  in  the  *  great  horn 
jirominence.  la  comparing  it  with  Major  Tennanf* 
views  it  mu6t  be  remembered  (in  justice  to  the  German 
photographent)  that  the  atmospheric  conditions  were 
much  less  favourable  at  Aden,  where  the  eclipse  oc- 
curred very  shortly  after  sunrise.  In  the  next  chapter 
a  picture  (fig.  8-1)  of  the  eclipsed  Sun  as  seen  at  tlw 
extreme  easterly  station,  Mantawaloc  Kekee,  exhibiU 
a  tulerably  cloae  general  accordance  with  Miyor 
Teiiuant's  views.  Other  pictures  and  descriptions 
need  not  hero  ho  referred  to,  because  they  dllFor  ii 
essential  respects  from  those  relating  to  previous 
eclipaea. 

Had  the  work  done  during  this  eclipse  been  limitedl 
tn  what  I  have  hitherto  described,  the  results,  however 
interesting,  would  not  have  advanced  in  any  important  J 
respects  our  knowledge  of  solar  physics.     \\'e  hnvi 
now,  Iiowever.  to  consider  far  more  important  resu!t«. 

At  nearly    all  the   stations  preparations  had   becf 

ill  ntlicr  nnj«,  for  I  coiild  dwaya  rely  on  Iiii  cupa,  and  wiu  Uiiu  en^bJ 
to  avoid  conslanl  oipoaura  io  the  Sun.    Indirectly  lis  |uu  Loan 
tiiiMiii*  tbentunt  uf  fiicilitaliDg  my  otUcr  Ttatit.' 
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made  to  observe  the  coloured  prominences  and  the 
corona  with  the  spectroscope.  All  the  spectroscopic 
observers  were  successful  in  determining  the  general 
character  of  the  prominence  spectrum.  I  select  the 
graphic  and  lively  narrative  of  Lieut  (now  Captain) 
Herschely  who  conunanded  the  expedition  sent  out  by 
the  Royal  Society,  and  observed  the  eclipse  at  Jam- 
khandi.  *  The  week  preceding  the  event/  he  writes, 
*had  quite  prepared  me  for  disappointment.  There 
seems  to  be  an  annual  cloudy  and  rainy  season  at 
Jamkhandi,  which  lasts  about  a  fortnight,  and  was 
said  to  be  somewhat  more  marked  than  usual  this  year. 
The  morning  broke,  however,  as  usual — clear,  but  the 
driving  monsoon-clouds  soon  showed  the  kind  of  sky 
we  were  to  expect.  About  a  quarter  of  a  minute  be- 
fore totality  a  third  cloud  obscured  the  Sun/  He  had 
directed  the  spectroscope  towards  that  part  of  the  Sun 
which  would  be  the  last  to  disappear,  and  was  watching 
the  solar  spectrum  as  it  grew  gradually  narrower  and 
narrower.  It  will  be  understood  from  what  has  been 
said  towards  the  close  of  Chapter  III.  that  the  moment 
this  spectrum  disappeared  the  spectrum  of  the  promi- 
nence matter  (or  failing  the  presence  of  such  matter, 
the  spectrum  of  the  corona)  would  start  into  view. 
*  You  may  conceive,'  he  says,  addressing  Dr.  Iluggins, 
'  my  state  of  nervous  tension  at  this  moment.  What- 
ever the  corona  was  competent  to  show  must  in  a  few 
seconds  have  been  revealed ;  unless,  indeed,  it  should 
happen  that  a  prominence  or  sierra  should  be  situated 
at  that   particular  spot,   in   which   case   the   double 


mounted  i 

iiicaiia  of  clockworj 
dono.     '  I  waa,' 
cal  impatience,  whia 
tion   ev(?n    wliile   it  I 
flectiriir  seconds.     Hi 
]>erliaps  half  a  miuutl 
frenzied  temptation  t 
rise,  chocked  by  the  c 
n  finn  hold  in  the  righi 
soon   the   cloud  hurrii 
direction,  and  therefon 
of  the  disc,   with  its 
scintillating  corona;  ai 
niiii'ked  a  prominence  ( 
no  queslion)near  the  n 
few  seconds  of  unveilin 
of  the  eGlit:Re  as  a  spec 
hurried  glance. 
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were  obstructing.  That  I  did  not  do  so  is  only  to  be 
explained  by  the  absence  of  mind  as  regarded  all  else, 
produced  by  the  concentration  of  my  attention  on  the 
problem  before  me.'  Resuming  the  najrrative  of  his 
observations,  Lieut  Herschel  proceeds: — ^*A  rapid 
torn  of  the  declination-screw  covered  the  prominence 
with  the  needle  point,  and  in  another  instant  I  was  at 
the  spectroscope.  A  single  glance,  and  the  problem 
^w  solved.  Three  vivid  lines — red^  orangey  and  blue  I 
I  think  I  was  a  little  excited  about  this  time,  for  I 
shouted  quite  imnecessarily  to  my  recorder,  "Red I 
green  I  yellow ! "  quite  conscious  of  the  fact  that  I 
meant  orange  and  blue.' 

The  problem  was  indeed  in  a  general  sense  solved. 
Among  all  the  ideas  that  had  been  put  forward  respect- 
ing the  actual  constitution  of  the  prominences  one,  and 
one  only,  now  remained  available.  Had  the  prominences 
been  self-luminous  solar  mountains  or  clouds  (properly 
so  called)  a  continuous  spectrum  would  have  been 
seen ;  had  they  been  bodies  which  shine  by  reflecting 
solar  light  the  rainbow-tinted  streak  crossed  by  dark 
lines  which  forms  the  solar  spectrum  would  have  made 
its  appearance.  The  sole  remaining  theory  was  that 
the  prominences  consist  of  glowing  gaseous  matter. 

But  it  remained  now  to  determine  what  the  nature 
of  this  matter  might  be.  To  this  work  Lieut. 
Herschel  turned  his  attention,  and  to  this  work  also  all 
the  observers  who,  like  him,  had  succeeded  in  solving 
the  general  problem,  devoted  themselves  during  the 
remaining  niinutes   of  totality.      The    results    they 
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obtained  may  be  thuB  summed  up : — Herschel  noted 
three  lines — n  red  one,  which  he  regarded  as  ptissibiy  c, 
the  red  line  of  hydrogen;  an  orange  one,  which  he 
regarded  as  almost  eertainly  D,  the  orange  (double 
line)  of  sodium;  and  a  blue  one,  which  he  thought  might 
possibly  be  f,  the  blue-green  line  of  hydrogen.  Major 
Tenaant  saw  five  lines,  which  he  associated  with  the 
lines  c,  D,  h,  F,  (probably)  and  G.  M.  Jansaen  saw  six 
— red,  yellow,  green  (two),  blue,  and  violet,  and  esta- 
blished the  coincidence  of  the  red  and  blue  lines  with 
the  lines  c  and  F.  M.  Rayet  saw  no  less  than  nine  lines, 
five  of  which  lie  recognised  as  brighter  than  the  rest; 
these  he  associated  ivith  the  lines  B,  D,  E,  b,  and  F. 

But  we  need  not  consider  the  evidence  on  which 
these  various  determinations  rest,  since  a  new  and 
far  more  effective  mode  of  observation  was  to  place 
beyond  all  possibility  of  question  the  true  position  of 
these  several  lines,  and  of  others  as  yet  undetected. 

M.  Janssen  had  been  struck  diu'ing  the  progress  of 
the  eclipse  by  the  exceeding  brilliancy  of  some  of 
the  bright  lines  which  formed  the  prominence  speetram. 
'  Immddiatement  apres  la  totalitc,'  he  writes,  '  deux 
magnifiques  protuberances  ont  apparu :  I'une  d'elles, 
de  plus  de  trois  minutes  de  hauteur,  brillait  d'unc 
splendeur  quHl  est  dilBcIle  d'imaginer.'  As  he  looked, 
the  idea  seized  him  that  these  lines  might  be  seea 
when  the  Sun  is  not  ecli[)sed.  He  cried  out,  he  tells 
us,  'Je  reverrai  ces  lignes-ld  I' 

The  principle  by  which  he  hoped  to  effect  this  will  be 
understood  by  the  reader  who  has  carefully  studied  the 
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latter  portion  of  Chapter  III.  Briefly  re-stated  it  is 
this :  The  light  of  the  prominences  when  dispersed  by 
the  spectroscope  forms  a  few  lines ;  that  of  the  illumi- 
nated terrestrial  atmosphere  is  spread  out  into  the 
rainbow-tinted  solar  spectrum.  Therefore,  if  we  only 
use  adequate  dispersive  power,  we  can  cause  the  pro- 
minence-lines to  show  conspicuously  on  the  background 
of  dispersed  atmospheric  light. 

Clouds  which  gathered  over  the  face  of  the  Sun  soon 
after  totality  prevented  M.  Janssen  that  day  from 
pursuing  this  idea.  But  on  the  morrow  he  applied  it 
with  complete  success.  '  I  have  experienced,'  he  said, 
*  to-day  a  continuous  eclipse.' 

We  have  seen  how  it  becomes  possible  by  this 
method  not  only  to  recognise  the  spectrum  of  a  pro- 
minence during  full  daylight,  but  by  a  series  of  sec- 
tional views,  so  to  speak,  to  determine  the  figure  of  a 
prominence.     To  this  work  Janssen  applied  himself, 
and  he  was  presently  able  to  forward  to  Europe  news 
of  his  complete  success  in  this  new  branch  of  research. 
The  news  of  this  important  discovery  was  nearly  two 
months  in  reaching  Europe,  and  a  few  days  before  it 
arrived  Mr.   Lockyer  had   independently  obtained  a 
similar  result.     The  history  of  his  work  and  of  the 
way  in  which  it  was  suggested  is  not  without  interest. 
In  May  1866,  Dr.  Huggins  had  examined  the  spectrum 
of  the  star  which  blazed  out  suddenly  in  that  year 
in  the  constellation  Corona.   He  found  that  this  star — 
now  known  as  T  Coronte  * — gave  a  spectrum   which 

*  In  Mr.  Boecoe*8  valaable  work  on  spectroscopic  analysis,  this  star 
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ilifl'erpil   altogctlier  from  iiny   lie   iiad  ]»reviiniia 
BniiiieJ.     There  wns  the  rainbow-tinted  etreak  eraseJ 
by  dark  Hdgs  which  ordinarily  fortn^  the  e]tectrum  d 
a  star;  but  ovei-  this,  and  obviously  corrcsponitiDglo 
a  large  proportion  of  the  star's  light,  there  were  brigt* 
lines.     These  bright  lines  corresponded  in  jweition  Ti4 
tlie  lines  belonging  to  hydrogen ;  so  that  Dr.  IluggiU 
viOR  able  to  pronounce  that  the  great  increase  in  ill! 
atar'a  light  was  due  to  an  outburst  of  glowing  hydrogOT- 
Afterwards  he  found  that  other  stars,  and  notnbly  tb«- 
middle  star  in  the  conspicuous  W  group  of  Cassiopeia 
show  bright  lines,  superposed  on   the  rainbow-dntei 
background,    though    relatively  far   less   bright  t 
those  seen  in  the  spectrum  of  T  Corona;.  In  theee  caMBt 
also,  the  lines  were  those  of  glowing  hydrogen. 

Here,  then,  waa  a  perfectly  apt  illustration  of  tb® 
principle  dwelt  on  in  the  concluding  part  of  Chapte* 
III,  Here  were  the  lines  of  a  certain  element  rendered 
separately  visible  as  bright  lines,  though  the  totaJ 
amount  of  light  received  from  the  glowing  hydn^n 
was  not  necessarily  (in  the  case  at  least  of  tlic  star" 
in  Cassiopeia)  equivalent,  or  nearly  so,  to  the  re- 
maining portion  of  the  star's  light.  The  coiiceatim- 
tion  of  the  light  into  three  definite  lines  enabled  it  to: 


u  nlwn^s  referred  to  u  r  Cotdde,      Thia  in  a  niieUike.    Tha 
r  Ciiroutc  ia  n  weU-knowa  fillll-magaitude  alar  tow&fk  tlifl  trortll  vl 
the  coDBtelUtiaD,    The  reul  Tariublo  (ordiuarityit  lunlli-ma^ilDd*  lUt 
ties  to  Uie  aoath  of  nil  the  couspicuous  alius  of  Corona.    Iciscall«l  T 
in  •ccordiince  rith  the  rate  by  wbich  tijp  vunables  cutuuMTel; 
corerKl  in  a  eonsleUiitiaa  am  numed  irom  thu  ls9t  tettws  of  t^i  ' 
lit,  b«)^Diiiug  »tlh  It. 


prevail,  as  far  as  intrinsic  brightness  was  concerned, 
over  the  diffused  light,  absolutely  greater  in  amount, 
which  formed  the  rainbow-tinted  streak. 

We  cannot  wonder,  therefore,  that  the  idea  should 
at  once  have  been  suggeisted  that  if  any  portions  of  the 
San — as,  for  example,  the  coloured  prominences — con- 
sist of  glowing  gas,  the  spectrum  of  such  portions 
might  be  recognisable  even  amidst  the  spectrum  of 
the  far  more  intense  light  (so  far  as  absolute  brightness 
is  concerned)  of  the  solar  photosphere. 

Mr.  Lockyer  was  preparing  about  this  time  to 
undertake  a  careful  scrutiny  of  the  photosphere  with 
more  powerful  spectroscopic  appliances  than  had  yet 
been  employed.  Amongst  the  expectations  which  he 
formed  at  that  time^  there  is  a  reference  to  the  problem 
presented  by  the  prominences.  It  may  be  interesting 
to  give  at  full  length  the  concluding  words  of  the 
paper  he  addressed  to  the  Royal  Society  : — 

*  Seeing  that  spectrum  analysis  has  already  been 
applied  to  the  stars  with  such  success,  it  is  not  too  much 
to  tUnk  that  an  attentive  and  detailed  spectroscopic 
examination  of  the  Sun's  surface  may  bring  us  much 
knowledge  bearing  on  the  physical  constitution  of  that 
luminary.  For  instance,  if  the  theory  of  absorption  be 
true  (!)  we  may  suppose  that  in  a  deep  spot  rays  might 
be  absorbed  which  would  escape  absorption  in  the 
higher  strata  of  the  atmosphere ;  hence,  also,  the 
darkness  of  a  line  may  depend  somewhat  on  the  depth 
of  the  absorbing  atmosphere.  May  not  also  some  of 
the  variable  lines  visible  in  the  solar  spectrum  be  due 
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to  abaorption  in  the  region  of  the  spots?  and  may  net 
the  spectroscope  afford  ua  evidence  of  the  existence  of 
the  *  red-flames '  which  total  eclipaea  have  revealed  to 
UB  in  the  Sun's  atmosphere,  although  they  escape  ttU 
other  methods  of  observation  at  other  times  ?  and  if  so 
may  we  not  learn  sometliing  from  this  of  the  recent 
outburst  of  the  star  in  Corona?' 

It  does  not  appear  quite  clearly  from  this  passage 
whether  Mr.   Lockyer  expected  (as  De  La  Ruchsd 
before)to  find  traces  of  the  prominences,  when  examin- 
ing the  Sun's  surface,  or  whether  it  fell  in  with  his 
plans  to   examine   outside  the  Sun's  disc.     But  the 
latter  is  the  more  probable  explanation.     The  grant  be 
asked  for  from  the  Royal  Society  was  allowed  him, 
and  the  construction  of  a  suitable  spectroscope  w»s    I 
entrusted  to  Mr.  Browning  (after  a  delay  consequent 
on   the    death   of    Mr.    Cooke).      In    the  meantime 
Dr.   Huggins  applied  his  spectroscope  unsuccessfully 
to  the  search,  and  Fr.   Secchi,  who  had   thought  of 
examining  the   Sun's  edge,  gave  up  the  attempt  ou 
hearing  of  Mr.  Lockyer's  failure  to  detect  anything 
remarkable  there.* 

Whether,  supposing  no  further  discoveries  had  been 
made,  Mr.  Ijockyer  would  have  succeeded  in  rec(^- 
nislng  the  bright  lines  of  the  prominences,  is  one  of 
those  questions  which  never  can  be  answered.     For 

•  ■  E™  gill  gran  tempo  clip  nTcvniuo  intennione  di  esplomro  1'  orlo  del , 
tole  con  lo  (ipettrittropio,  me.  V  nsaiconiiioos  data  do  molli  »biU  oasemu  ' 
wri  «  d»l  Sig.  Lockyer  weaso,  tha  nulla  Todevasi  di  pii  alt"  orlo  AA_ 
ntro,  «e  db  uvcb  dietolto.' — Memotia  III,  tvgfi  tftttrtm 
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ray  own  part^  I  cannot   but  think   that    he   would 
assuredly  have  succeeded  in  the  long  run,  even  if  the 
Indian  expedition  had  been  a  failure.     My  reason  for 
believing  this  is  that  Mr.  Browning  had  so  successfully 
mastered  the  optical  conditions  of  the  problem  as  to 
ensure  complete  success  on  the  observer's  part,  when- 
ever the  examination  of  the    Sun's  limb  should  be 
thoroughly  undertaken.     However,  owing  to  one  cause 
and  another,  there  ensued  considerable  delay  before 
Mr.  Lockyer  attempted  to  make  the  required  observa- 
tions; and  in  the  meantime  news  came  to  England 
that  the  spectrum  of  the  prominences  included  three 
conspicuous  bright  lines.     This  placed  it  out  of  Mr. 
Lockyer's  power  to  discover  the  lines ;  but  it  was  still 
left  for  him  to  show  that  they  can  be  seen  when  the 
Sun  is  not  eclipsed.     Two  months  after  the  eclipse  he 
announced  that  he  had  so  seen  them ;  and  the  story 
runs  that  some  five  minutes  or  so  before,  the  announce- 
ment of  Janssen's  prior  success  had  been  received  by 
the  President  of  the  Imperial  Academy  at  Paris,  a 
communication  from  Mr.  Lockyer  to  a  similar  effect 
had  been  read  to  that  learned  body.* 

*  M.  Faye,  while  admitting  Mr.  Lockyer's  claim  to  the  independent 
recognition  of  the  visibility  of  the  lines  without  eclipse,  expresses  a 
feeling  of  regret  that  the  mere  distance  between  India  and  Europe 
should  hare  prevented  France — as  represented  by  M.  Janssen — from 
enjoying  the  hill  credit  of  the  discovery.  There  is  something  almost 
childish  in  this  mode  of  viewing  the  matter.  How  M.  Janssen's 
credit  can  be  diminished  because  Mr.  Lockyer  independently  effected  the 
same  observation  it  would  be  hard  indeed  to  say.  But  this  is  not  all.  It 
seems  to  us  that  nothing  can  be  more  mischievous  to  science  than  the 
promulgation  of  the  idea  that  mere  priority  in  making  and  announcing 
an  observation  is  to  afford  the  chief  measure  of  the  credit  to  be  assigned 


Soon    after    Sccchi  successfully    applied  lIii;  smt     b 
iiielhiKl,  as  did  Dr.  Ituggina,  ivhose  spectr*w!cojie  wm, 
liowever,  not  altogether  well    adapted  to  the  work, 
hnviiig  been  apeoinlly  designed  for  stellar  rescarchci. 

It  was  a  jieculiarity  of  tbc  new  mode  of  obfierria; 
the  proniinence-Bpectrum  that  it  enabled  the  observa 
to  determine  at  his  leisure,  and  in  a  niunh  more  satis> 
factory  manner  than  had  been  [lossiblc  during  tlu  I 
ecli[>ae  of  1868,  the  true  position  of  the  prominence- 
lines,  their  characteristics  as  respects  shape  (the  ug- 
nifieance  of  which  feature  has  been  already  referred  U). 
p.  146  J,  and  also  the  existence  of  lines  which  hadesca^il 
ohaervalion  while  the  ecli]>se  was  in  progress.     It  is 


f  nMbih 
w.tharic 


Ut  the  obBCrrer.  If  tbie  wnre  bo,  the  wiiteBt  (Ibimgh  nuut  mIUi) 
ninnf  ytii'wh  the  atudpota  of  ai'ieoce  could  follow  would  be 
ull  originul  idpBB  as  to  modi'B  of  oJisermtioD  or  prooessea  of 
until  they  conld  apply  tboar  ideaa  on  ihcir  own  Kcuant.  Now, 
loTur  of  acirncc  cannot  do  this.  H?  feela  l>ound  lo  publish  Anj  n>rh 
ideal  at  ones,  let  who  will  ndopt.  and  uliliae  them  (and  let  who  will 
obtain  credit  for  the  result).  There  ma;  be  cleremeis  in  a  mon 
diplomatic  courae,  but  there  ia  no  tru<<  love  of  aeieuee, 

I  maj  luld  that  as  reganla  tlie  qaeslioD  of  priority-  io  tbi*  dmUh 
muru  importance  might  be  altathed  to  it  were  it  not  well  known  l}ut 
iiftor  Dr.  BiiKgina'a  obaermtionG  of  T  Corooie,  the  principle  oo  which 
tliD  new  mode  of  obBerration  pests  was  rcpognisKi  by  nil  who  unden-  nd 
•peetruBcopie  snalyaJB.  Like  the  diacovery  of  Sun-«potB,  thrret'  f,  this 
ri^KJitnitioD  of  the  prom iDcac«'li nee  in  full  daylight  waa  an  invriukble 
aaiuel  of  tho  conatnictiou  of  an  adequately  disperaire  spBdioacopi* 
bnttery.  This  was,  however,  n  work  requiring  a  degrue  of  ekilt  ou  the 
pirl  of  the  optician  who  wub  to  devise  the  instrumpnt  which  ahonld 
viiuno  ua  to  iBsign  no  inconaid arable  ebart  of  tho  credit  to  him.  M. 
Jnnuou,  I  behcTe,  deviac-d  the  principle  of  the  baftety  he  wnployed. 
Thp  battery  employed  by  Mr.  Loekyer  was  eonstmeted,  se  ulreBdjnwn- 
Viujied,  by  Mr.  Browning,  'he  inventor  of  the  antomatic  apectroscope. 
Mr.  Lockyer  tella  ua  that  ^j  porfiwljy  fidfils  the  rrquiri^  conditions 
thiit  till'  kaat  cipericltcod  oburriic  con  aeo  Ihu  pron 
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v^bviuus  that  the  spectrum  of  the  Sun's  limb  seen  at 
the  same  time  (or  that  of  the  illumiaated  terrestrki 
atmwphere)  aflnrds  the  most  aatiefactury  means  iif 
determiiiing  the  jMsition  uf  the  bright  prumiuence-lineB ; 
for  llirrr  in  the  solar  spectrum  lire  th(H!e  very  lines  — 
the  dark  lines  c  and  D  and  f,  and  so  on — with  which 
the  eclipse  observerB  had  aswfciated  the  bright  lines. 
It  18  only  necessary  to  see  whether  those  dark  lines 
coincide  in  ]>osition  with  the  bright  ones  (see  figs.  ^6. 
37,  and  38,  in  which,  however,  but  a  tew  dark  lines 
are  shown)  in  order  to  tell  whether  the  bright  promt- 


■■•■■iiiiniiiiiiuiiiiiioiuBiiffiii..iw 


nence-lines  are  or  are  not  due  tu  the  prc.-ence  <.i\'  Ibose 
particular   elements  to  which    the    solar   dark    lines 

Janescn  found  in  this  way  that  the  orange  line  of  the 
p-vminenccj  does  not  corresimnd,  as  had  been  thought, 
with  (he  n  or  sodium  (double)  line  of  the  solar  spectrum. 
He  found,  however,  that  the  red  and  blue  prominence- 
lines  do  »ctually  coincide  with  the  c  and  v  lines  of 
jbydn^en,  So  that  these  enormous  objects,  extending 
in  aome  instances  to  a  height  of  more  than  80,0(IU  miles 
tfbove  the  Sun's  surface,  consist  in  part,  at  least,  of  the 
glowing  vapour  of  hydrogen.       r 

But  it  was  possible  to  recognise  other  lints  besides 


TBE  SUX. 

these  three  by  the  new  method,  when  an  in! 
of  adequate  dUpersive  power  was  employed, 
accompanying  picture  (fig,  72),  for  example,  Kx\^aa 
the  spectrum  of  a  prominence,  and  of  the  ai^juM; 
portion  of  the  Sun's  limb,  us  shown  by  Mr.  Lockyolfi 
spectroscope.  It  will  be  eeen  that  the  double  line 
sodium  as  well  a^  three  lines  of  the  magnesium  spev 
irum  are  aliowii.  It  is  only  necessary  to  suppose  lint 
jVI.  Rayet  saw  the  two  close  double  lines  a«  HngleoMi 
in  order  to  account  exactly  for  the  nine  lines  seenbj 
him/ 

*  Tlie  following  U  Fr.  Secfhi's  descripti'oa  of  the  priocipal  lii 
iu  tlie  prominence-spectrum  under  ordinary  ninditioDS  : — 

■The  linec  of  hydrogen,'  he  lajs,  'U  Che  meet  rauil;  leenaf  tU.  U 
BODliltilties  reuhei  the  enormous  height  of  Ihrne  minatMi.  inJigMldg^ 
prmeneo  of  sui;h  colossal  prominencee  u  sre  se«n  during  eclipM*-  1^ 
UlB  limb  of  the  Son  gaooraHy  the  height  of  this  lino  ie  very  iH*g»U<. 
and  on  the  svenge  attAini  to  from  t«u  to  fllleen  eecondfl.  Tlni  li* 
sIbu  oit4>ndB  in  a  well-marked  manner  within  the  limb,  orerlsppislbl 
disc  by  ten  seconds  and  mope.  YotfuriJieron  tho  disc  there  ie  a  npP 
where  the  line  oinnot  be  aceD.  being  neither  bright  nor  dark,  butotltw 
same  tint  exnclly  as  the  neighbouring  part  of  tbe  ipevtronii  wbii3t  > 
thus  in  this  part  of  its  length  continuous  and  uniformly  bright  V>^ 
a  slit  placed  pamilcl  to  the  liinb  the  spnce  throughout  which  tU*  liv* 
disappears  ie  often  considerably  extended.  Outside  tlie  disc  tbe  lioe  ^ 
mooh  brighter  near  its  bass  than  ai  the  Bammtt,  and  the  line  u  <lilat> 
at  the  base,  and  seems  to  terminate  in  a  point  where  its  tight  h 
until,  as  1  hare  already  said,  it  becomes  of  Ihe  uune  bnghtnesi  aa  tU 
neighboDring  part  of  the  spoctntm  before  becoming  a  ilork  line.  Onl 
side  the  Sun  the  line  is  bounded  by  two  dark  lines,  which  app«W  S 
first  sight  to  be  the  et^t  of  contrasl,  hut  may  protiably  have  a 
and  a  real  cause.  The  bright  line  is  often  formed  of  knots  and  sc 
pieces,  which  are  evidently  so  many  fnigmcnts  of  diflerent  p 
placed  one  beyond  the  other  and  unequally  bright.  If  tlie  spprriDe  t 
the  alit  be  enlarged  at  uach  its  is  possible  without  r^nd^rlng  the  ligi 
unbearable,  the  bright  line  of  the  niBo-colouri>d  friuge  ii 
marked  by  irregularitiee  which  ue  due  lo  the  rt)iigliii« 
{imhrwir^]  of  the  proniinr-ncei  Ihons^lviii.' 
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Lockyer   was   presently  able   to  confirm   the 
of  Grant,    Sccciii,   and  others,   who    had,   as 

r  menttoning  that  be  has  bren  able  to  apply  Juissen's  method 

Biiijt  the  shupe  of  iha  promLnonceii  by  tsking  line-afctions, 

Ursniarks  tJikt  he  has  often  tried  to  detenuine  whether  there  iB 

Wflxed  lair  aa  regards  the  direction  in  which  the  promiaenceH  ara 

lilherto  not  succeeded  in  tcacing  any. 
^Tbe  line  in  tbe  yellow,  n«r  the  soditim  lines,  is  about  twice  and  a 
tf  *l  flir  from  the  neamtof  these  aatheae  arafratri  each  other.  Thiv 
lilwii  sensibly  the  prolongation  of  a  bright  linn  in  the  solar  spectrum. 
In  hirighl  and  brightness  it  cmrespoDda  cloaely  lo  the  c-line,  but  1  have 
■■■Xiced  ihat  it  will  not  bear  high  magnifying  power  ao  well.  While 
^e  r  and  c  lines  remain  brilliant  under  such  powers,  this  line  beeolnea 
^tsker.  so  that  only  the  practised  eye  am  detect  it.  The  line  ende  in  » 
[HiiDt,  and  it  often  eitenda  itself  brilliantly  npun  (he  disc  of  the  Sun, 
Oatsidfl  tbe  disc  It  is  not  boidered  by  dark  linos ;  on  the  contrary, 
^*tti  high  powris  it  becomes  diffused,  and  does  not  stand  oat  sharply 
liie  the  c-Iine. 

'The  F-line  is  in  gi-Deml  not  so  high  as  the  oline.  and  grows  faint 
9t  the  extremity,  where  it  tiikcs  the  form  of  a  lance.  Ontsiilti  the  disa 
it  is  iccompanied  by  a  oarruw  dark  nme  on  the  more  refrangible  side. 
Sometimes  I  hare  seen  it  prolonged  beyond  the  edge  of  the  sular  disc, 
U  in  liif  case  of  the  c-line;  at  otJier  limes  a  very  fine  block  thread 
■bows  itself  on  the  more  mfrangiblu  side.  This  seems  to  show  that  the 
r-Iine  ia  not  due  to  bydtogeii  Kloue.'  (This  conclusion,  bowerer,  his  m 
been  negatiTwl.) 

■  The  third  line  of  hydn^n  near  a  I  have  seen  as  a  bright  liO' 
U  is  necesiary  to  redui»  the  dispersive  power  of  the  prismatic  buttorf  I 
in  order  to  obtain  sufficient  light.' 

Soedii  is  of  opinion  that  where  there  sre  facnUe  on  or  cloBe  to  the  1 
limb,  there  prominences  exist;  but  he  iu  unable  to  saj  with  e<)ual  0 
fidence  Ihat  whererer  promineoces  exist  there  are  also  facul^. 

He  was  surprised  to  find  on  one  occasion,  when  serentl  lines  besides 
tha  above-mentiDiled  were  risible,  that  of  the  three  tines  forming  the 
group  h  of  magnesinm  one  and  one  only  was  visible, — a  second  line 
holding  a  position  midway  between  the  other  two  lines  of  the  same 
grmip.  He  remarks  that  Rayet  had  obflerved  during  the  eclipse  of 
August  lUSS  only  two  lines  of  this  group,  and  thut  these  two 
doahtlesB  comuiponded  with  those  seen  by  hicoself.  of  which,  as  we  hars 
seen,  one  dous  not  accord  with  either  of  the  two  remaining  mngnesinm 
line*.    Be  wsa  eo  mrprised  at  this  peculiarity  that  Iw  seiuvhed  dili- 


to  the  prominence-spf 
ing  but  to  a  short  d| 
save  where  there  i» 

genllj  for  two  hours  to 

but  could  Hdi)  none  Thatererl 

been  ur^;iid  agninst  this  obs 

sorare  eipreggion — sii 

have  b«en  cnreless  when  obsai 

*  In  Mr.  Lwkyer'n  dctniled  1 
womUal  Socieig,  Vehiwaj  IBl 
apeptroseope  revealed  U 
absent,  iind  that,  in  fact,  the  p 
enTelope  rouad  cha  Sun,  he  va: 
beea  suggested  bj  previoua  obse 
the  ph^sicisU  who  had  propau 
Lktrov,  L^rcrrier,  and  Seech 
*  suggaations,'  and  '  si: 
Ihc  truth  of  then 
rtmark,  however,  that  wilt)  aoD 
named  the  theory  was  much  mo 
Prafoasur  Grant  writes,  in  I8SS, 
ut  Toulon  toward  the  part  of  th 
lo  omergo,  r/miVji  indicalei  tho 
lower  regions  of  the  solar  atmoa 
mbient  fluid  of  which  U 
of  the  Sun 


p- 


PEOMIXEXCSS  AA'D  CSROMOSPHEHE.     291 

ilteyer    had    already   been    discovered,    Mr.    Lockyer 
devised  a  name  for  it,  entitling  it  the  ckromospherr. 

Whether  this  envelope  is  to  be  regarded  as  a  true 
Bolar  atmosphere,  in  the  sense  in  which  that  term  is 
Dsually  understood)  may  be  Eeriously  questioned.  As 
seen  in  the  telescope  it  presents  a  well-defined  and 
very  uneven  limit,  giving  the  idea  rather  of  a  region 
of  flames  or  clouds  than  of  an  envelope  of  the  nature 
of  an  atmosphere.  That  the  substance  producing  the 
coloured  light  of  the  chromosphere  is  gaseous  admits 
indeed  of  no  question ;  but  so  also  the  prominences 
are  gaseous.  Yet  we  do  not  regard  these  as  of  the  nature 
of  an  atmosphere.  Now,  if  the  surface  of  the  Sun  be 
covered  at  all  times  with  small  prominences,  bearing 
somewhat  the  same  relation  to  the  gigantic '  horns ' 
and  '  boomerangs '  seen  during  echpses  that  the  hughes 
covering  certain  forest  regions  bear  to  the  trees,  then 
there  can  be  no  doubt  that  the  chromosphere  could 
not  rightly  be  regarded  as  an  atmosphere.     We  have 

Lvretrier  nnd  Secciii  1«lioTed  in  the  rxisC^nce  of  thiirnvelopf!  brcRUH    1 
ihvy   bad  trra  it ;  and  Secchi  had  the  farther  fvidcnfe  (tliough  n 
further  evidence  conld  be  nerded)  derited  from  bis  photographs.   Undei 
these  circQDUtnncea  no  eubiequpnl  ob»«rTer  caa  claim  to  Iibts  '  been  the    ' 
Btit  t«  give  experimflnlal  proof  of  the  existence  of  the  chromoaphere.' 
Or  if,— then  Galileo  might  have  claimed  to  have  hna  the  flml  to  gire 
nperimeatal  proof  of  the  eiietence  of  tb«  Mood  or  of  Jupllrr,  tinee 
tadoDbli^I;  be  firat  etudiwl  these  bodies  telcampically.     That  Mr. 
Lock;«T  vfintd  have  diicovcred  the  ehromoaphere  had  it  not  been  dia- 
eovered  befon'  (unkoown   to  him),  msy  be  well  betievi^,  preciaelj  as 
■me  nw^be  sBauredlhat  hod  not  Iheeclipae  obeerven  in  1 86S  diecovered 
the  natnre  of  the  prominentt-spfclrum,  Mr.  Lnckyer  would  have  done 
w.    That  he  did  not  do  either  of  theae  things  ia  no  discredit  to  hia 
■bilitiea,  aiace  no  man  tbut  ever  lived  hna  sncceeded  in  dtBcovrring  the    . 
diieotrred ;  and  it  may  b«  aarmixKl  that  no  man  ever  iriU. 
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DO  evidence  that  it  even  extends  downwards 
the  visible  limits  of  the  photosphere,  since 
edly  if  a  distance  of  forty  or  fifty,  nay,  even  „  ..., , 
three  hundred  miles,  separated  the  lower  limit  of  fl 
chromosphere  from  the  photosphere,  no  telescopes  4 
possess  could  suffice  (when  supplied  with  euitati 
spectroscopic  appliances)  to  reveal  any  trace  of  thi 
space.  A  width  of  two  hundred  miles  at  the  Sun 
distance  subtends  an  arc  of  less  than  half  a  second 
and  telescopists  who  know  the  difficulty  of  separalia 
a  double  star  whose  components  lie  so  close  as  tbj 
will  readily  understand  that  a  corres^mnding  arc  uM 
the  SuQ  would  be  altogether  unrecognisable.  | 

I  am  very  far,  therefore,  from  accepting  with  cod 
dence  the  view  that  the  chromosphere  is  the  true  eoli 
atmosphere.  Kather  I  believe  it  consists  of  matter- 
gaseous,  no  doubt,  but — suspended  in  the  true  soli 
atmosphere.  I  think  that  not  only  is  this  view  coi 
firmed  by  the  ap|>earance  of  the  chromosphere  as  di 
picted  in  Plate  VI.,  further  on,  but  that  the  genen 
resemblance  as  regards  structure  and  appearance  b 
tween  the  chromosphere  and  the  prominences  Buffii 
to  render  it  at  least  highly  probable  that  the  formi 
can  no  more  be  described  as  the  solar  atmosphere  tha 
the  latter.  But  even  more  striking  is  the  evident 
deduced  from  Plate  V.  For  here  we  see  in  the  fir 
figure  a  prominence  which  has  been  obviously  eruptei 
We  see  it  as  it  springs  upward,  expanding  with  tt 
diminishing  atmospheric  pressure,  and  we  see  in  tli 
second  figure  how  the  erupted  matter  has  slowly  hegi 
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!nt,  with  expansion,  indicating  low  pressure  in  the 
er  regions,  but  with  a  figure  indicating  a  real  re- 
mce.  It  is  then  this  invisible  atmoephere,  through 
ch  the  upper  portion  of  the  prominence  has  begun 
abstde,that  would  seem  to  constitute  the  true  solar 
oapbere,  while  the  chromosphere  should  be  re- 
ied    as   consisting  of  a  multitude  of  smaller  pro- 

Kes,   either  freshly  erupted   or  the  remains  of 
Fio.  72. 


niutnting  the  indening  of  Ihe  F-line  of  bjrdrogen  nror  the 
baae  of  tha  chromoaphcce. 

ner  eruptions,  floating  in  the  lower  regions  of  the 

ir  atmosphere,  much  as  the  second  prominence  of 

te  V.  is  floating  (for  a  brief  while)  in  the  upper 

ions. 

The  inferences  which  have  been  deduced  respecting 

pressure  exerted  bythe  solar  atmosphere  at  and  near 

level  of  the  photosphere  remain  unchanged,  how- 


ever,  whatever  view  we  adopt  on  this  point.    fi|.^j 
illustrates  the  evidence  on  tliis  point.     Here  1  isft|Al' 
of  the  spectrum  of  the  Suns  limb,  while  2 
the  line  F  in  the  Bpectrum  of  the  chromoBphert  'ftll 
widening  of  this  line  close  by  the  Sun*s  limh  mif  U 
regarded  as  unquestionably  indicating  an  incnoMd 
pressure,  because  the   researches  of  Pliicker,  Hitlirfi 
Huggins,  and  Frankland  have  demonstrated  that  tlrt 
F-line  of  hydrogen  does  actually  increase  iu  this  w»] 
in  width  when  the  pressure  at  which   the  hyiirogm 
subsists  is  increased.     Temperature,  also,  has  an  eflwl 
on  the  hydrogen  lines ;  nor  is  it  quite  easy  to  geparatf  tkt 
effects  due  to  pressure  from  those  due  to  temperature.' 
But,  on  the  whole,  it  seems  probable  that  pressure  it 
chiefly   in  question,  while    it    may    be    regarded  ti 
absolutely  certain  that  temperature  alone  is  iusnfficient 
to  account  for  the  observed  change.     Now,  whether  we 
regard  the   glowing  hydrogen  of  the  chromoephere 
forming  a  true  constituent  of  the  solar  atmosphere  of 
as  bearing  a  eomewhat  similar  relation  to  that  atmo- 


•  In  a  paper  by  Dr.  ZoUnor  ( tlhfr  die  Timperatur  und 
Bcxhaftnkiit  dir  Soniit).  an  aLetract  of  vhidi,  hj  tbe  prcwDt 
appeared  in  the  fR^uA  MecbaKic  for  Seplember  1870,  tt  ia  gu) 
Ihat  meaui  might  be  deTised  for  diMinguiiihiDg  betrecD  the  efl 
pressare  and  lompemture  b;  causing  a  diKharge  of  gaa  to  take  ^Ut 
M  the  iBDnieiit  when  tho  induiition  spark  ia  paued  thcongh  the  fayi' 
gen.    It  is  certainly  a  problem  of  the  utmoet  impoi^nee  thulA' 
tinguah  between  the  two  e&ecta  which  play  the  chief  part  in  ■ 

The  dianppwrnnco  of  one  of  the  magneaiam  linra  at  a  cert^n  h« 
ftbore  [he  Bpectrum  of  the  liial)  (iee  fig.  71)  in  which  the  Una  ■  b*l 
to  iDagneaiam,  is  lignificant  of  a  very  low  degree  of 
larel  where  the  ■borteat  line  cmsee  to  b«  visible. 
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e])here  that  the  aqueous  vapour  in  our  own  air  bears 
to  the  permanent  constituents,  it  is  yet  certain  that  the 
pressure  of  the  hydrogen  near  the  solar  photosphere 
ia  a  measure  of  the  atmospheric  pressure  there.  And 
from  tlie  observed  width  of  the  F-line  near  the  Sun's 
Kmb  (see  fig.  72)  it  has  been  estimated  by  Wiillner 
that  *  the  pressure  on  the  base  of  the  chromosphere,  or 
at  the  surface  of  the  photosphere,  is  below  the  pressure 
of  the  Earth's  atmosphere.*  He  has  even  assigned  the 
limits  of  pressure  at  the  level  of  the  solar  photosphere 
u  lying  certainly  ^between  50  and  500 millimetres  (or 
between  2  inches  and  20)  of  a  mercurial  barometer  at 
the  Earth's  surface.' 

It  is  within  the  chromosphere  and  certain  of  the 
prominences  that  spectroBcoi>es  of  high  dispersive 
power  exhibit  those  signs  of  cyclonic  motions  taking 

*  It  most  not  bf  forgotten,  howerer,  that  the  vidlh  of  the  hjdrogea- 
liiip  where  il  ncliull;  reachen  the  spectnun  of  the  limb  is  not  knoim. 
Tlw  obnrrved  width  on  which  Wuilner  founded  hii  rmeuiJivB  mnj  bo 
that  comeponding  to  u  height  of  60,  100,  or  even  20D  milcH  aboru 
ths  photoBphere  ;  aod  within  these  60,  ot  100,  or  200  milcB  an  iacreane 
of  pre^ure  may  take  place  b;  which  the  actiul  deodity  of  the  atmo- 
■phere  cIo««  by  the  photuephfire  may  be  cnormoualy  increased.  There 
nay  be  an  stmosphere  inclnditig  the  vapours  of  iron,  sodinm,  mag- 
neHDin,  &c.  (of  all  the  elements,  to  flno,  whose  dark  lines  appear  id 
the  tolar  spectrum)  extending,  say,  100  miles  above  the  photuaphrre; 
aod  yet  do  inHtnuneam  we  passess  could  suffice  to  rereal  any  trace  of 
it*  exlMcDce,  hmZui  the  dart  Una  i»  tht  totar  »p«clrun  be  Ihouykt  to 
itmnutTaU  the  foot  Ikat  iuc\  an  almotphere  actuallg  doa  txiit.  The 
ItO,  that  on  tome  onSBions  Mr.  Lockycr  has  aeea  hundreds  of  the 
Frannholer  lines  (as  bright  lines)  in  the  •ptctrum  of  tlio  chrorooapbfro 
noderi  this  far  iiom  improbable.  The  argumeotB  on  the  strength  of 
wUeb  it  hsB  been  agsuniod  that  ibe  absorption  10  which  the  dark  lines 
(n  dne  take*  place  btlow  the  riaiblc  photospheie,  appear,  to  say  the 
laut,  &c  &«m  demonstratire. 


I 


THE  Sim. 


place  in  the  solar  atmosphere  the  recognition  of  which 
has  seemed  so  surprising  and  ineicpllcable.  The  study 
of  the  last  part  of  Chapter  III.  will  have  shown  the 
reader  that  if  very  rapid  motions  are  taking  place, 
either  due  to  the  swift  rush  of  the  glowing  hydrogen 
through  the  solar  atmosphere  or  to  the  effects  of 
cyclonic  motions  in  the  atmosphere  itself,  by  which  the 
glowing  hydrogen  is  borne  away,  the  spectroscope — if 


iag  the  spi)cUo9<.'opiff  indiculionB  of  Holar  cj'don 


only  its  dispersive  power  be  sufiicient — cannot  fail  to 
give  unmistakable  evidence  on  the  point.  The  problem 
is  altogether  simpler  and  easier  indeed  than  that  which 
Dr.  Huggins  had  to  deal  with  when  he  undertook  to 
measure  the  velocity  with  which  Sirius  is  winging  its 
flight  through  space.  For  there  in  the  solar  spectmm 
are  the  very  lines  of  hydrogen  with  which  the  chromo- 
sphere lines  are  to  be  compared.  If  the  spectroscopic 
dispersion  suffice,  the  least  experienced  observer  can 
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I  tell  as  certaiDly  that  a  Bokr  storm  is  in  progress  as  the 
I  terrestrial  observer  can  tell  by  the  tnotioas  of  cimiB 
I  clouds  that  the  upper  regions  of  our  own  atmosphere 
I  are  distnrbeti.  The  accompanying  illustration  (fig.  73), 
>  for  instance,  shows  how  the  F-line  in  the  chromosphere- 
epectrum  ia  at  times  swayed  (a*  it  were)  from 
coincidence  with  the  dark  F-line  of  the  ordinary  solar 
spectrum.  At  1  we  see  the  line  deflected  towards  the 
violet,  showing  that  the  portion  of  the  chromosphere 
under  examination  was  moving  rapidly  towards  the 
obBerrer;  at  2  we  see  a  deflection  both  towards  the 
red  and  towards  the  violet,  indicating  that  in  the  same 
eld  of  view  (that  is,  in  the  portion  of  the  chromo- 
I  included  within  the  slit)  there  were  masses 
Mng  towards  as  well  as  from  the  eye ;  while,  lastly, 
t  3  we  see  a  deflection  towards  the  red,  indiojiting 
ll  rapid  motion  from  the  eye.  Daring  some  obscrva- 
tioDB  such  as  these,  Mr.  Lockyer  has  had  evidence  of 
motiona  at  the  almost  inconceivable  velocity  of  120 
miles  per  second.  I  cannot,  however,  accept  his  con-  1 
elusions  as  to  the  distribution  of  the  motions  over  the  ^ 
Sun's  surface,  because  he  seems  to  take  very  little  I 
account  of  what  certainly  is  the  fact,  that  the  extension 
of  the  portion  of  chromosphere  under  examination  ia 
very  great  in  the  direction  of  the  line  of  sight.  As- 
suming an  apparent  depth  of  only  ten  seconds  (which 
is  within  the  usually  observed  limits),  a  tangcnt-Iine  to 
the  Sun's  surface  passes  through  a  range  of  upwards  of 
}  miles ;  and  to  speak  of  the  clear  recognition  of 
:  cyclonic  storm  only  1,500  milee  in  diametarjl 


^^000  IE 
■kar< 


(as  described  by  Mr.  Lockyer)  wlien  the  visual  raj 
passes  thruiigh  a  depth  forty  times  as  great,  seems  to 
me  wholly  inadmissible.  We  have  no  evidence  that 
the  portions  of  the  chromosphere  giving  the  three  dis- 
placements ebown  in  fig.  73  may  not  have  lain  20,000, 
30,000,  or  even  40,000  miies  apart,  in  the  direction 
the  line  of  view  ;  *  in  other  words,  that  the  observed 
solar  storms,  though  undoubtedly  raging  with  amaxing 
fierceness,  were  necessarily  cyclonic  in  charactei 
This  remark  does  not  apply  with  equal  force  to  the 
evidence  deduced  from  the  appearance  of  the 
nence  F-line  depicted  in  fig,  74,t  because  we 
consider  it  likely  that  two  prominences  of  the 
height  indicated  by  the  extension  of  the  shattered^ 
lines  from  the  spectrum  of  the  limb,  would  lie  bIoI 
the  same  visual  line  at  the  moment  of  observation. 

Proft'ssor  Young,  of  America,  has,  however,  nob 
a    remarkable    circumstance    which  seems 
sense  to  throw  doubt  on  the  inferences  which  have 
been  deduced  from   the    displacement  of  the  F-line. 

*  Throughout  Mr.  Livfcjera  papers  there  in  lo  be  nnlnl  a  mode  of 
rxplumiiig  the  obxerv^d  phenomemi  which  BcetDB  to  imply  thut  tb« 
tpectnuuKipc  exhibits  to  ua  the  (.-oudilion  of  &  m«ro  bIlcb  of  the  »oUt 
envelapes,  The  eftect  of  the  Sun's  Buliditj  in  giving  an  snonnou*  ei- 
tensioD  to  the  TiBUnl  linen  through  the  ehramoHphere  Beems  wholly 
u^lected.  even  where  a  rpfirutico  to  the  braadth  of  the  r*gion  n«lly 
included  within  the  alit  would  npptar  to  Jnviie  a  reference  to  the  other 
fom  of  eiteQBion. 

f  In  thit  figure  the  dotD  below  the  spectra  indicate  the  amoant  of 
displacement  on  either  side  of  the  nonno!  poaicion  of  the  P-line.  crnn^ 
Sponding  to  a  relodt;  of  8,  16.  and  SB  Oerman  geopraphlcal  miles  per 
aecood  (a  German  geographical  mile  being  Mjual  in  length  to  a  Sfteentli 
part  of   n  degree  of  the  Eurth's   equator—t.  t.,  Ut  aboot  4j  flngliah 
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He  observed  on  one  occasion  thot  while  the  F-line  of 
hydrogen  in  a  prominence  was  absolutely  shatltred, 
the  C-line  of  the  same  element  presented  its  ordinary 
appearance.  It  seems  absolutely  esBcatial  to  the  in- 
terpretation hitherto  placed  on  the  displacement  of  one 
line  of  hydrogen  that  the  other  line  should  exhibit  a 
similar  displacement,  diifering  only  to  a  slight  degree 
as  regards  extent.     If  the  observation  should  be  con- 


if^iii  udm  idi 


^illluiitnttiDg  the  epeclneeopK  isdiciiliona  lA  rapid  tnoIioiiM  iu  tall 
coliJUTfd  prom  i  nun  MS. 

firmed  that  the  c  and  f  lines  of  hydrogen  in  the  same 
prominence-spectrum  behave  differently, a  mostperplex- 
ing  problem  will  be  presented  not  only  to  astronomers, 
but  to  physicists. 

"We  have  now,  however,  to  turn  to  a  yet  more  in- 
teresting and  valuable  series  of  researches,  by  which 
astronomers  have  been  able  to  observe  the  exact  figure 
and  changes  of  figure  of  the  prominences.  The  prin- 
ciple on  which  these  researches,  first  successfully 
.{tittsaed  b;  Dr.  Huggins,  have  beeo  based,  have  been 


already  explained  towards  the  close  of  Chapter  IH 
The  visibility  of  the  promineace-lines  depends  on  the 
dispersive  power  of  the  spectroscope ;  and,  clearly,  the 
narrower  the  opening  of  the  slit  the  more  cfFectiTe  will 
this  dispersion  be.  The  lines  of  the  prominences  are 
thus,  indeed,  narrowed,  but  they  do  not  diminish  In 
brightness;  whereaa  the  spectrum  of  the  illumin&ted 
atmosphere  diminishes  in  brightness  in  precise  propor- 
tion to  the  narrowness  of  the  slit.  But  if  we  widen 
the  slit  the  forms  of  the  prominences  may  be  seen,  if 
only  the  brightness  of  the  atmospheric  spectrum  is  not 
too  greatly  increased.  In  order,  therefore,  that  this 
feat  may  be  achieved,  we  must  have  a  spectroscope  of 
great  dispersive  power. 

Now,  I  have  said  that  Dr.  Huggins's  spectroscope 
was  not  particularly  well  suited  for  the  kind  of  ob- 
servation we  are  considering.  It  had  not,  in  fact, 
sufficient  dispersive  power ;  so  that  when  the  idea 
occurred  to  him  of  seeking  for  the  prominences  with 
an  open  slit,  he  had  no  great  hope  of  succeeding,  As 
a  matter  of  fact,  he  failed.  The  increased  light  blotted 
out  the  prominences  altogether. 

But  he  was  not  so  to  be  foiled.  He  who  had  shown 
astronomical  spectroscopists  the  way  to  success  in  the 
beginning,  was  now — with  inadequate  means — to  show 
his  pupils  (if  one  may  so  speak)  how  to  study  the 
prominences  to  new  pur(}ose.  Supplementing  the 
powers  of  his  spectroscope  by  the  use  of  coloured  glass, 
he  was  able  to  solve  the  great  problem  which  was  the 
true  end  of  all  the  observations  hitherto  made.     Others 
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were  aiming  at  the  solution  of  the  problem.  Lieut. 
Herschel  bad  suggested  tbe  use  of  coloured  media 
•dmittiiig  only  such  rays  as  the  prominences  emit. 
Mr.  Dockyer  was  trying  I  know  not  what  device 
of  rotating  or  vibrating  slits, — 

And  one  hod  aimrd  kd  &m«  fair. 

But  RPDt  it  ilnrkl;  tmia  tbe  itring  ; 

And  one  hod  pierced  an  onlcr  ring 
And  one  ui  inner  here  and  there ; 
But  hut  the  nuster  bonrmiui,  be 

Bad  deft  the  mark. 

Fig.  75  represents  the  picture — rough,  but  instruc- 
tive— of  the  first  solar  prominence  ever  seen  when  the 
SuD  was  not  eclipsed. 


of  the  Bpectrusc'ipu. 

[I  Boon  as  the  open-elit  method  had  been  suggested 
'  Huggins  many  other  observers  adopted  it  Mr. 
Lockyer,  availing  himself  of  the  great  dispersive  power 
of  the  instrument  Mr.  Browning  bad  mode  for  bim,  found 
that  be  could  dispense  with  the  use  of  coloured  glaasi 
The  prominences  were  rendered  distinctly  visible  witfa 


I 


the  open  slit  aloiie ;  and  he  could  readily  watch  the  chaag' 
iug  figures  of  these  mysterious  objects.  The  acoonii»any- 
ing  drawings  (figs.  76  and  77)  exhibit  two  \iews  of  t 
wild  and  fantastic  group  of  prominences,  drawn  by  Ml 
Lockycr,  the  second  only  ten  minutes  after  the  firet 
was  completed, 

Fm.  7t!. 


)f  solur  prumiiiini^ra.— Mjiri;li  IJ, 

Dr.  Ziillner,  the  eminent  Ger 


(Loeiytr.) 


Dr.  Ziillner,  the  eminent  German  photometridioi, 
applied   the  same   method  in   a   systematic   manner. 
Some  of  the  pictures  he  has  published  are  singularly   ' 
interesting. 


i 


PROMIXEXCES  AXD  CHliOMOSPHERE. 


Iiserved  the  same  protuberance  in  three  different 
oluurs,  corresponding  to  the  three  lines  of  itn  spec- 
rum.  He  found  a  material  difference  between  the 
■ed  and  the  blue  image  on  the  one  hand  and  the  yellow 
>n  the  other.     Tlie  latter  is  very  iutense  only  in  close 


proximity  to  the  Sun's  limb,*  and  corresponds  there  to 
the  other  images ;  but  the  more  delicate  details  dia- 
tppear  at  a  greater  distance.     Zollner  suggests  that 

■  It  will  bn  observed  that  Ziillner'a  p»»ultB  as  regards  the  coloured 
iaugu  eomspoad  wiih  tliusu  obtaiueil  \iy  SeciOii  in  obiwn-iiig  the 
nlouzed  linu. 
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this  may  be  explatued  on  the  hypothesis  that  '  the  B 
which  give  rise  to  the  yellow  image  einntiHte  fivrtl 
gas  having  a  greater  s])ecific*  gravity  than  byd 
and  therefore  existing  at  a  lower  leveL* 

The  most  interesting  of  ZuUner'a  drawings-a 
Iiibited  in  Plates  IV.  and  V.    It  must  be  conof 
the  reader  that  these  views  are  only  the  red^ 
Ziillner  saw  perfectly  similar  blue  images,  mux 
similar  orange-yellow  images.     The  combination  o 
three  produces  the  complete  image   as   seen,  dtU 
eclipee,  with  the  telescope. 

Kespecting  the  several  protuberances  shown  in 
IV.,he  makestliefollowingremarka: — 'In  fig.  1  wesi 
an  intensely  luminous  peak-shaped  mass  rising  from  t| 
border  of  the  Sun,  above  which  is  spread  a  cloud-IUil 
furmatii>n  of  less  intensity.  To  the  same  type  bd 
the  protuberances  of  figs.  4  and  9.  In  fig.  4  it  is  i 
markable  that  the  surprisingly  beautiful  cumulas 
of  the  cloud  was  separated  from  the  peak  by  n 
siderable  distance.  The  cloud  was  exceedingly  delicat^ 
and  even  its  finest  details  could  be  recognised.  Tha 
separate  cumuli  of  which  it  was  com]xised  appeared 
almost  like  dull  luminous  points.' 

Fig.  2  was  one  of  the  most  remarkable  formatioQCL 
'  I  hardly  believed  my  eyes,'  says  Ziillner, '  when  ] 
noticed  in  it  the  tongue-like  motion  of  a  flame.  TUq 
motion  was  slower,  however,  compared  with  the  size  off 
the  flame,  than  that  of  high  towering  flames  at  great 
conflagrations.  The  time  required  by  such  a  wave  in 
^Missing  from  the  base  to  the  apex  was  about  two  or 
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ree  seconds.  I  endeavoured  on  the  following  days 
verify  this  observation  by  the  discovery  of  similar 
rmations,  but  I  have  not  succeeded,  in  spite  of  my 
iluous  and  continued  search.  I  therefore  request 
It  this  statement  may  be  considered  as  one  requiring 
ther  proof.' 

[n  figs.  3, 6,  and  10  we  have  remarkable  illustrations 
the  great  rapidity  with  which  the  protuberances 
•Usee  both  in  form  and  brilliancv.  In  these  fic^ures  the 
erent  shapes  are  represented  which  the  same  protu- 
a.nce  assumed  after  the  intervals  of  time  indicated 
the  hours  and  minutes  (Leipsic  time)  named  under- 
>th  them.  The  heights  range  from  30  to  120  seconds, 
I  when  it  is  remembered  that  a  second  of  arc  at  the 
n's  distance  corresponds  to  a  distance  of  no  less  than 
^  miles,  it  will  be  seen  on  how  enormous  a  scale 
ise  prominences  are  formed. 

ZoUner,  even  at  this  early  stage  of  his  inquiries,  was 
i  to  arrange  the  prominences  into  two  distinct  classes 
-the  cloud-like  and  the  eruptive.    Respecting  objects 

*  the  former  class,  he  remarks  that  they  remind  him 

*  the  different  forms  of  our  clouds  and  fogs.  *  The 
imulus  type  is  completely  developed  in  some  of  the 
jures.  Other  formations  remind  one  of  masses  of 
ouds  and  fogs  floating  closely  over  lowlands  and  seas, 
hose  upper  parts  are  driven  and  torn  by  currents  of 
r,  and  which  present  the  ever-varying  forms  so  well 
10 wn,  when  viewed  from  the  tops  of  high  mountains.' 
n  important  observation  was  made  by  ZoUuer  on 
une  27, 1869.  *  On  this  day,'  he  says — *  the  first  clear 

X 
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day  after  a  long  spell  of  cloudy  weather — I  observed 
the  bright  protuberance-lines,  without  however  being 
able  at  that  time  to  make  a  complete  observation  of 
these  formations.     As  soon  as  I  approached  the  slit  of 
tlie  spectroscope  to  a  certain   position  in  the    Sun's 
limb,  where  the  protuberance-lines  appeared  particu- 
larly long  and  bright,  brilliant  linear  flashes  passed 
tlirough  the  whole  length  of  the  dull  spectrum  over  the 
limb  of  the  Sun,  about  three  or  four  minutes  distant 
fmm  the  latter.     These  flashes  passed  over  the  whole 
of  the  spectrum  in  the  field  of  view,  and  became  so  in- 
tense at  a  certain  point  of  the  Sun's  limb  as  to  produce 
the   impression   of   a   series   of   electrical   discharges 
nipidly  succeeding  one  another  and  passing  through 
the   whole   of  the  spectrum   in   straight   lines.     Mr. 
Vogol,  who  afterwards  for  a  short  time  took  part  in 
those  observations,  found  the  same  phenomenon  at  a 
diftbrent  jx>rtion  of  the  Sun's  limb,  where  protuberance- 
lines  also  appeared.     *  The  phenomenon  can  be   ex- 
plained/ adds  Zollner,  *  by  the  hypothesis  that  small, 
intensely    incandescent     bodies,     moving     near     the 
surface   of    the    Sun,   emit    rays    of   all   degrees   of 
refrangibility,   and   produce   flashes   of  a  thread-like 
spectrum  as  their  image  passes  before  the  slit  of  the 
s|yectro8Cope.'* 

*  We  must  not,  however,  forget  the  possibility  that  these  ol»jectsi 
may  have  been  insects  in  the  air  at  no  ver}'  considerable  distance  from 
the  observer.  Lieut.  Hersohel  was  for  some  time  misled  by  a  similar 
^•henomenon,  but,  after  long  watching,  one  of  the  bright  objects  suddenly 
stopped  and  flew  .off  in  a  new  direction,  and  he  then  recognised  the 
ftict  that  he  had  been  intently  observing  with  the  telescope,  and  cai^fdlly 
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Plate  y.  illustratee  a  later  paper  of  Zollner's,  and 
the  most  cursory  study  will  serve  to  show  that  he  ob- 
served the  prominence  there  exhibited  under  exception- 
ally favourable  conditions.  Nothing  can  be  more 
Btriking  than  the  aspect  of  the  prominence  shown  in  these 
two  drawings.  It  is  obvious  that  Zollner  had  here  been 
r^arding  the  action  of  solar  eruptive  forces  casting  forth 
enormous  masses  of  glowing  hydrogen  gas.*  The  evi- 
dence on  this  point  has  abeady  been  referred  to.  It 
seems  impossible  to  conceive  that  any  evidence  could  be 
more  convincing. 

But  we  owe  to  Professor  Respighi  the  most  sys- 
tematic and  successful  attempts  yet  made  to  deal  with 
the  solar  prominences.  He  has  in  fact  demonstrated 
the  possibility  of  applying  to  the   prominences  sys- 

analysing  with  the  8p«H;tro8cope,  a  flight  of  locimts  f  These  objocts  were 
much  more  conspicuous  than  those  seen  by  Zollner,  however ;  and  the 
obierTStion  made  by  Mr.  W.  S.  Oilman,  jun.,  during  the  American  eclipse, 
that  in  the  heart -of  a  large  prominence  (o  of  fig.  78,  p.  311)  there  were 
exceedingly  bright  red  points,  seems  to  confirm  the  justice  of  Zollner's 
conclusion. 

*  Zollner  remarks  that  the  prevalence  of  one  or  other  of  the  charac- 
teristic forms  into  which  prominences  may  be  divided — viz.,  the  cloud 
fbrm  and  the  eruptive  form— appears  to  depend  partly  on  their  local 
distribotion  over  the  solar  surface,  partly  on  the  time  of  observation ; 
insomnch  that  at  a  given  time  one  form,  at  another  the  other,  may  be 
the  prevailing  type.  'That  the  cloud-formed  prominences  present  so 
lirely  a  resemblance  to  terrestrial  cloud  and  smoke,  is  easily  explained,' 
he  adds,  '  when  we  recollect  that  the  forms  of  our  clouds  must  be 
supposed  to  depend,  not  on  the  vesicles  of  water  suspended  in  them, 
but  (essentially)  only  on  the  mode  in  which  the  air-masses,  variously 
warmed  and  moved,  expand.  The  water-vesicles  in  terrestrial  clouds 
form  but  the  material  by  which  such  differences  of  temperature  and 
motion  are  rendered  visible  to  us.  In  the  clouds  of  the  protuberances 
this  risibility  is  brought  about  by  the  glow  of  the  luminous  hydrogen 

X  2 
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tematic  observations  comparable  with  those  applied  by 

Schwabe  and  Carrington  to  the  spots.     On  each  of  the 

days,  7,12-15, 17, 18,  21, 24, 26-29,  and  31  of  January 

1869,  he  took  views  round  the  solar  limb,  until  he  had 

completed  the  circuit,  ranging  the  observed  prominences 

in  a  straight  line  (the  prominences  being  presented,  for 

convenience,[on  a  scale  twice  that  of  the  chromosphere's 

horizontal  extension).    The  result  is  shown  in  Plate  VI. 

We  have  only  to  suppose  each  horizontal  row  of  coloured 

prominences  bent  round  a  disc  representing  the  Sun, 

and  the  prominences  reduced  to  one-half  their  present 

dimensions,  in  order  to  have  a  complete  picture  of  the 

Sun's  condition  on  any  of  the  days  illustrated  in  the 

plate.     It    cannot  be   but    that    the    application   of 

llespighi's  system  throughout  a  long  series  of  years 

will  result  in  rcvealin<j  laws  in  the  number  and  masrni- 

tudc  of  prominences  at  different  times  and  in  different 

solar  latitudes.     Such  laws,  once   clearly   recognised, 

will  probably  serve  to  indicate  relations,  as  yet  wholly 

uuthought  of,  between  the  prominences,  the  phenomena 

of  the    photosphere,   the   magnetic   relations   of  the 

j)lanetary  scheme,  and  many  other  periodic  phenomena. 

Leaving  the  reader  to  study  at  his  leisure  the 
singularly  interesting  features  shown  in  Plate  VI., 
I  will  briefly  indicate  certain  general  conclusions  to 
which  Professor  Respighi's  researches  have  led  him. 

lie  considers  that  the  prominences,  at  least  as  regards 
their  origin,  bear  no  analogy  whatever  to  terrestrial 
clouds,  but  are  strictly  phenomena  of  eruption.*     He 

*  This  view  is  not  altogether  opposed  to  Dr.  ZoUner's,  who  regards 
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xioticed  that  where  there  are  faculie  there  are 
.lly  prominences,  but  he  considers  that  the  promi- 
'es  are  certainly  not  identical  with  the  faculte.  Over 
•spots  there  are  low  jets,  but  no  high  prominences, 
the  circumpolar  regions  great  prominences  are 
■T  recognised,  and  the  prominences  actually  seen, 
les  being  small,  are  few  in  number,  and  last  but  a 
b  time.  At  the  solar  equator,  also,  the  prominences 
ess  frequent,  less  active,  and  less  developed  than 
gher  solar  latitudes.  He  noticed  some  pronunences 
eding  three  minutes,  or  ten  terrestrial  diameters,  in 
ude ;  and  one  prominence  observed  by  him  had  an 
ition  of  no  less  than  twenty  terrestrial  diameters^ 
Dout  160,000  miles.     He  found  that  the  formation 

prominence  is  usually  preceded  by  the  appearance 

rectilinear  jet,  either  vertical  or  oblique,  and  very 
ht  and  well  defined.  This  jet  rising  to  a  great 
ht,  is  seen  to  bend  back  again,  falling  upon  the 

like  the  jets  of  our  fountains,  and  presently  the 
ing  matter  is  seen  to  assume  the  shape  of  gigantic 
3  more  or  less  rich  in  branches  and  foliage, 
dually  the  whole  sinks  down  upon  the  Sun,  some^ 
s  forming  isolated  clouds  before  reaching  the  solar 
ace.  It  is  in  the  upper  portions  of  such  promi- 
ses that  the  most  remarkable  and  rapid  transforma- 
i  are  witnessed  ;  but  a  great  difference  is  observed 
le  rate  with  which  prominences  change  in  figure. 

ro  types  into  which  he  divides  prominences  as  different  forms  of 
ime  objects,  and,  therefore  (necessarily),  the  cloud  form  as  the  sequel 
>  emptive. 
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Their  ctanition,  too,  b  very  variable.  Some  developc 
and  dua{>pear  in  a  fetr  minnt^s,  while  others  remun 
iHsible  for  many  Eucceaaive  days.  He  considers  thftt 
the  eharply-defined  bases  of  the  eruptive  jeta  jirovethtt 
the  eruption  takes  place  through  aome  compact 
substance  forming  a  species  of  solar  crust,"  He 
agrees  with  Zijllner  in  considering  that  the  enormous 
verlocity  with  which  these  gaaeous  masses  rush  through 
the  solar  atmosphere  implies  that  the  latter  is  of  ex- 
ceeding tenuity.  His  conclusion  that  repulsive  forces 
must  balance  the  solar  gravity,  is  not  shared,  however, 
by  Ziillner,  who  prefers  to  regard  the  forces  at  work 
ill  producing  the  prominences  as  strictly  analc^ous 
to  those  which  produce  eruptive  action  on  our  Earth. t 
I  had  proposed  to  give  a  somewhat  full  account  of 
the  observations  made  by  the  American  astrono- 
mers upon  the  solar  prominences  visible  during  the 
total  Bolar  eclipse  of  August  1869.  But  so  much 
space  has  already  been  occupied  by  the  subject  of 
this  chapter  that  I  prefer  to  introduce  only  those 
narratives  of  the  American  observers  which  re- 
late  to   the   corona.      These   will   be   found    in   the 

•  Thii  eorresponda  to  the  TrfmiiiHgKhieAt  of  ZoUner'a  theoiy.  wbo, 
howorer,  does  noC  sgmt  vitli  Roipiglii  in  regudiDg  (ome  form  of 
eteetrie  B<^tioii  na  the  prabubli'  cauxe  of  these  eruptiiioii. 

t  It  srams  cinraiLTable  that  tlie  phenomena  of  geyiiDrB  mny  ban  llirir 
ixmnt«rpart  in  these  eohir  promiijenues.  It  is  true  thiit  u  gaaeous,  Dot  k 
liquid,  mail  is  erupted  ;  so  Iliat  there  is  here  nothing  comparable  U>  the 
rapid  change  of  a  colnmn  of  liquid  into  THponr  wliich  causes  the  onl- 
burats  at  gayatn.  But  the  tcmpcmlure  and  pre»uroat  which  disaociBtion 
occurs  may  bear  the  same  relation  to  the  outbursts  of  these  gaseous 
mniiiM  ihni  the  leniperuture  and  pressure  at  vhich  water  boils,  bear, 
ill  BuuBcii'ii  thwirj  of  gejsers,  lo  the  occuimnce  of  gfjsec  eniptions. 


^Kfi£  PROMINENCES  AND  CHROMOSFJIEEE.    3 1 1 

fullowing  chapter.  The  accompanying  drawing  (fig.  78) 
exhibits  the  prominences  photographed  by  the  American 
astronomers,  the  Moon's  disc  being  reduced  so  as  to 
permit  all  the  prominences  to  be  visible  at  once.  The 
line  F  E  indicates  the  course  of  the  Moon's  centre 
across  the  Sun,  a  d  being  a  declination-circle,  and  c  d 


■pha  bj  the 

MeclinatioD-parallel.  The  most  successful  photo- 
graphing party  was  that  headed  by  Dr.  Mayer,  at  Bur- 
IiDgton.  But  the  two  photographs  by  Dr.  Curtis 
I  special  value  on  account  of  their  delicacy 
the   number   of  details   they   exhibit.      He   has 


ftfibown  tliat  the  sharply-defi ned  outlines  of  prommencw^^^ 
■mnd  even  of  the  coronal  glare,  seen  in  most  photograpt"^ 
I  of  eclipses,  result  from  excessive  development.  IC- 
I  proves  satisfactorily,  also,  that  the  eucroachment  c^^ 
I  the  prominence-bases  on  the  black  disc  of  the  Moon  ^» 
pdue  to  a  similar  cause. 

In  Dr.  Curtis'a  contribution  to  Dr.  Sand's  elaborat-  ^ 
I  report  of  the  eclipse,  the  curious  reader  will  find  * 
\  very  interesting  investigation  of  the  aspect  of  th  ^s 
I  prominence  shown  between  E  and  C  in  fig.  78.  II  ^ 
.  refers  all  ite  peculiarities  of  appearance  to  the  actions* 
a  cyclonic  storm  in  the  upper  regions  of  tlie  sol**" 
^   atmosphere  at  this  place. 

It  remains  only  to  be  noticed  that,  even  while  thi^ 
work   has  been  passing  through  tlie  printers'  hands- 1 
Professor  Young,  of  America,  has  Hucceeded  in  ol»-" 
taining  a  photograph  of  a  prominence  when  the  Sh^k^' 
has   been  shining  in   full   splendour.     Although    th  ^^ 
result  is,  he  tells  us,  not  remarkable  as  a  presentatio^^B^ 
of  a  solar  prominence,  yet  as  indicating  the  possibility;^!? 
of  applying  photography  to  record  the  condition  of  th-^*''- 
chromosphere  and  prominences  from  day  to  day,  frod^ii- 
month  to  month,  and  from  year  to  year,  it  is  full  c^^^^fi 
])romise.      The  time  seems  not  far  off  when  we  sha        "' 
be  as  familiar  with  the  laivs  according  to  which  thi ufc  i» 
I   mysterious  objects   appear,   develope,   and   disappe^^^  , 
within  the  solar  atmospheric  envelope,  as   we   htiv  * 
already   become  with  the  general  laws  affecting  tlv^ 
I  behaviour  of  Sun-spots. 


CHAPTER  YL 

TOE  COSONA  JUD  ZODIACAL  LIGHT. 

The  coloured  prominenceB,  as  Tve  have  seen,  are 
phenomena  which  have  been  recognised  cmly  in  recent 
times.  We  have  now  to  deal  with  a  phenomenon  which 
has  been  known  to  astronomers  for  a  much  longer 
period,  but  has  proved  more  difScult  of  interpretation, 
and  remaim  even  at  the  present  day  not  clearly  under- 
stood. 

It  may  fairly  be  believed  that  during  the  earliest 
total  eolar  eclipses  observed  by  mankind,  the  corona,  or 
crown  of  glory,  which  surrounds  the  black  disc  of  the 
Moon  must  huve  attracted  attention.  Yet  the  records 
of  the  recc^ition  of  this  phenomenon  are  by  no  means  so 
distinct  as  might  have  been  expected.  We  do  not 
find,  indeed,  in  ancient  works  professedly  treating  of 
the  phenomena  of  nature,  any  reference  to  the  im- 
posing appearance  presented  by  the  solar  corona.  The 
earliest  allusion  to  the  phenomenon  is  held  by  Professor 
Grant  to  be  that  passage  in  the  Life  of  *  ApoUonius' 
where  PhilostratUB,  speaking  of  the  signs  and  wonders 
which  occurred  before  the  death  of  Domitian,  says, '  In 
the  heavens  there  appeared  a  prodigy  of  this  nature ; 
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a  certain  corona,  resembling  the  Iris,  surrontwled  4l  i 
orb  of  the  Sun,  and  obscured  hia  light,"  Taken  nlone, 
thia  passage  would  certainly  not  seem  intended  1« 
describe  the  phenomena  of  a  total  eclipse ;  but  *i 
Philostratus  afterwards  remarks  that  the  darkness  «U 
so  great  as  to  resemble  night,  we  may  assumi 
some  confidence  that  a  total  solar  eclipse  had  oe- 
ciirred. 

Plutarch  more  distinctly  describes  the   appearance 
actually  presented  by  the  corona  when  he  endeavou** 
to  explain  why  the  darkness  during  a  total  eclipse  »* 
not  so  great  as  that  of  night.    '  Even  though  the  Mooi»»    , 
he  says, '  should  hide  at  any  time  the  whole  of  the  Su<*  • 
still   the   eclipse  is  deficient  in  duration   as   well  9^ 
amplitude,  for  a  peculiar  effulgence  is  seen  around  th^^ 
circumference  which  does  not  allow  a  deep  and  ver^"^ 
intense  shadow.' 

I  do  not  projiose  to  record  in  full  the  observations 
which  have  been  made  u|>on  the  corona.  To  do  so 
would  occupy,  indeed,  much  more  space  than  can  here 
be  spared.  Referring  the  reader  who  wishes  for  a 
more  complete  account  of  the  earlier  observations  to 
Professor  Grant's  admirable  *  History  of  the  Physical  ■ 
Sciences,'  I  shall  consider  here  those  observations 
alone  which  tend  to  throw  light  on  the  nature  of  the 
corona. 

Some  of  the  earlier  observers  of  total  solar  eclipses 
would  seem  to  have  been  misled  by  the  great  brightness 
of  the  corona  close  by  the  Sun,  and  to  have  supposed 
that  a  ring  of  direct  sunlight  had  remained  uncovered. 
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T\'e  sh*all  see  presently  that  modem  observers   have 

&Iso  been   struck  with   the   brightness   of  the  light 

'   close  by   the   Sun;   and  it  seems  obvious  that  this 

i>right  light  is  to  be  regarded  as  wholly  distinct  from 

the  light  of  the  chromosphere,  the  redness  of  which  is  too 

K&arked  to   escape   recognition.      Remembering  that 

i>^ore  the  invention  of  the  telescope  the  corona  was 

^e  only  marked    phenomenon   to    which    observers 

^ere  able  to  direct  their  attention,  a  certain  weight 

At;t4iche8  to  their  comments  on  the  brightness  near  the 

^I^cx)n'8  disc. 

Clavius  having  expressed  his  belief  that  the  eclipse 
^^  1567  was  annular,  Kepler  was  led  to  investigate  the 
^^^Iject,  and  he  proved  that  that  eclipse  must  needs 
'^^liTC  been    total.      In    1605   he   witnessed  a  total 
^^lipse  at  Naples,  and  found,  in  the  features  it  pre* 
*^iited,  the  explanation  of  the   remarks  of  Clavius. 
*3lie  whole  body  of  the  Sun,'  he  says,  *  was  com- 
pletely covered  for  a  short  time,  but  around  it  there 
^Kone  a  brilliant  light.'     We  might  suppose  that  he 
^^ferred  to  the  chromosphere,  because  he  says  that  the 
light  was  ^  of  a  reddish  hue  ;'  but  as  he  adds  that  it  was 
*  of  uniform  breadth,  and  occupied  a  considerable  part 
of  the  heavens,'  there  can  be  no  doubt  that  he  is 
speaking  of  the  corona. 

Dr.  Wyberd  gives  a  remarkable  account  of  the 
appearance  of  the  corona  during  the  total  eclipse 
of  March  29,  1652.  ^  When  the  Sun  was  reduced 
to  a  narrow  crescent  of  light,'  he  says,  ^  the  Moon  all 
at  once  threw  herself  within  the  margin  of  the  solar 
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disc  with  such  agility  that  slic  seemed  to 
an  upper  tnillstone,  nffcinling  a  pleasant  Bpeotac 
rotary  motion.  In  reality,  however,  the  Sun 
totally  eclipsed,  and  the  appearance  was  due 
corona  of  light  round  the  Moon,  arising  from 
unknown  cause.  It  had  a  uniform  breadth  of  h 
digit,  or  a  third  of  a  digit  at  least ;  •  it  emitted  a  b 
and  radiating  light,  and  appeared  concentric  wit! 
Sun  and  Moon'  -when  the  middle  of  totality 
reached. 

It  need  scarcely  be  remarked  that  the  agility 
which  the  Moon  seemed  to  throw  herself  with! 
margin  of  the  Sun's  disc  was  merely  apparent,  1 
been  noticed  by  many  ubaervers  that  the  total  obe 
tion  of  the  Sun  seems  to  occur  suddenly,  the  ' 
covering  the  Inst  sickle  of  sunlight,  apparently  at  a 
Irradiation  la  no  doubt  in  question.  The  ncl 
light,  even  when  in  reality  it  is  indefinitdy 
appears,  through  the  effects  of  irradiation,  to  hi 
definite  breadth ;  so  that  the  Moon  seems  to  trs 
a  definite  distance  in  obliterating  what  is  in 
the  finest  possible  curve  of  light.  But  beyond 
there  is  a  circumstance  which  cannot  bat  gii 
appearance  of  somewhat  agile  motion  to  the  ecli 
disc  of  the  Moon.  Up  to  the  very  moment 
totality  is  about  to  begin,  the  air  between  th 
server  and  the  Moon  is  illuminated  by  direct  Bun 
This  is  easily  seen  by  a  consideration  of  fig.  7 

*  A  digil  signifies  Ihi'  lirclfth  fatt  of  iho  snlar  dlninf4*r.      Tt 
is  Dearly  oLwolols. 
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which  A  BCD   represents  the   portion  of  the   Moon's 

^  shadow  in  the  atmosphere,  E  the  place  of  an  observer 

towards  whom  this  shadow  is  swiftly  advaneing.    Then, 

until  the  shadow  actually  reaches  E  (at  which  moment 

totality  begins)  a  line  drawn  from  E  to  d  will  pass  to 

the  left  of  the  line  a  d  m — as  in  the  direction  E  \>f\ 

so  that,  since   the  line  a  d  m   is  necessarily  directed 

towards  the  Moon's  limb,  the  directly  illuminated  air 

(bounded,  of  course,  by  ad)   extends    between  the 

observer  and  the   Moon.     Hence,  the   Moon's   disc 

Seems  lighted  up  by  this  atmospheric  glare  until  the 


Fio.  79. 


m.'   2^ 


-Hlostrating  the  condition  of  the  Earth's  atmosphere  a  few  minutes 

before  totality  in  a  solar  eclipse. 


^^ry  moment  when  totality  begins  ;  and  as  the  curtain 

^f  glare  is  drawn  suddenly  away  towards  the  edge 

^here  the  last  sickle  of  the  Sun's  direct  light  is  vanish- 

^g,  all  the  circumstances  tend  to  give  an  appearance 

of  agile  motion  in  that  direction. 

As  respects  the  rotatory  motion  which  seemed  to  ac- 
company this  leap  forward  on  the  Moon's  part,  we  can 
very  well  understand  it  as  referring  to  the  comple- 
tion of  the  corona,  which  must  needs  take  place  by  a 
sweeping  round  of  the  bounding  rays  to  close  in  upon 
each  other  opposite  the  point  where  the  last  part  of  the 
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San'B  disc  disappe&rs.  It  will  l>e  well  to  nnllt*, 
however,  as  we  proceed,  whether  we  linve  conniudn; 
evidence  of  an  apparent  motion  of  Uie  coronal  licuw 
after  totality  has  hegun.  The  evidence  on  tliis  [xiint 
cannot  but  have  an  important  bearing  on  the  vietn  "t 
are  to  fonn  respecting  the  corona. 

Dr.  Wj-benl  saw  a.  corona  of  very  limited  exteol- 
indeed  only  half  a  digit  wide — corregpondiiig  to  a  heigfit 
not  hiUf  eo  great  as  that  of  many  prominences  nhicli 
have  been  observed  during  recent  eclipses. 

Our  next  observation  refers,  however,  to  a  inuoli 
more  favourable  view  of  the  corona, 

lu  May  1706  Plantade  and  Capias  saw  a  brigbt 
ring  of  wliite  light  surrounding  the  eclipsed  Sun,  and 
extending  to  a  distance  equal  to  about  one-tenth  ii«rl 
of  the  ^loon's  apparent  diameter.  Outside  this  bright 
ring  a  fainter  light  could  be  recognised,  which  extended 
no  less  than  four  degrees  from  the  eclipsed  Sun,  fading 
ofT  iusenBibly,  until  its  light  was  lost  in  the  obscnrc 
background  of  the  sky. 

In  1724  Maraldi  noted  a  circumstance  of  som^ 
importance.  At  the  beginning  of  the  total  cclips^ 
which  was  observed  in  France  in  that  year  he  per- 
ceived that  the  corona  was  wider  on  the  side  towards 
which  the  Moon  was  advancing  than  on  the  opposite 
side.  At  the  close  of  totality  tlie  widest  part  of  the 
corona  was  on  the  opposite  side.  As  this  would  exactly 
correspond  to  what  would  be  observed  if  the  comna 
lies  beyond  the  Moon,  and  so  is  traversed  by  the  Moon 
precisely  as  the  Sun  himself  is,  it  will  be  well  for  u»  to 
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notice  as  we  proceed  whether  Maraldi's  observation 
has  been  confirmed  or  disproved,  or  how  the  evidence 
stands  with  respect  to  it. 

In  1733  a  total  eclipse  occurred  in  Sweden,  which 
W'as  observed  in  a  manner  reflecting  great  credit  on 
the  astronomers  of  that  country.     The  Royal  Society 
of   Sweden  invited  all  who  could  spare  the  time  to 
assist,  as  far  as  their  ability  permitted,  in  recording  the 
phenomena  presented  during  total  obscuration.     Ac- 
cordingly there  are  few  eclipses — perhaps  there  is  not 
^^e — to  the  phenomena  of  which  so  many  independent 
finesses  give   testimony.     '  At  Catherinesholm  the 
P^«tor  of  Forshem  noticed  that  a  ring  of  light  which 
^I>peared  round  the  disc  of  the  Moon  was  of  a  reddish 
^^olour — an  observation  confirmed  by  Vallerius,  another 
P^«tor,  who  noticed,  however,  that  at  a  considerable 
^^^tance  from  the  Sun  the  ring  appeared  of  a  greenish 
'^^e.     The  pastor  of  Smoland  states  that  "  during  the 
*^tal  obscuration  the  edge  of  the  Moon's  disc  resembled 
Ssilded  brass,  and  that  the  faint  ring  around  it  emitted 
^^ys  in  an  upward  as  well  as  in  a  downward  direction, 
similar  to  those  seen  beneath  the  Sun  when  a  shower 
of  rain  is  impending."     The  mathematical  lecturer  in 
the  Academy  of  Charlesstadt,  M.  Edstrom,  observed 
these  rays  with  special  attention,  and  remarks,  respect- 
ing them,  that  **  they  plainly  maintained  the  same  posi- 
tion, until  they  vanished  along  with  the  ring  upon  the 
reappearance  of  the  Sun."     On  the  other  hand,  the 
ring,  as  seen  at  Lincopia,  seemed  to  have  no  rays. 
Professor  Grant  remarks  that  **  from  the  descriptions 
given  by  several  observers,  it  would  seem  that  at  the 
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commencement  of  the  total  obscuration  the  ring  i^ 
peared  brighter  and  broader  at  the  part  of  the  Uoost 
limb  where  the  Sun  had  disappeared,  but  that  towudi 
the  close  of  the  obscuration  it  was  moreoonspicaboiii 
both  these  respects  at  the  part  where  the  San  mi 
about  to  emerge," '  * 

It  is  observable,  therefore,  of  this  well-watdied 
eclipse  that  it  confirms  Maraldi's  observation,  wUb 
the  variety  of  appearance  presented  by  the  corona  it 
different  stations  would  point  to  the  conclusion  tlut  if 
the  corona  is  not  a  phenomenon  of  our  own  atmospheitf 
its  light  must  for  the  most  part  be  of  a  very  delicite 
nature,  insomuch  that  seemingly  unimportant  diffe^ 
ences  in  the  circumstances  under  which  it  is  viewed 
suffice  to  modify  its  aspect  to  a  very  noteworthy  extent 
We  shall  see  presently  that  during  recent  eclipses 
similar  evidence  has  been  afforded  of  the  extreme 
faintness  of  a  large  portion  of  the  coronal  light. 

During  the  eclipse  of  1766  the  corona  exhibited 
four  remarkable  expansions,  separated  from  each  other 
by  nearly  equal  intervals. 

In  the  account  given  by  Don  Antonio  d'Ulloa 
of  the  appearance  presented  by  the  total  eclipse  o^ 
1778,  we  again  find  a  reference  to  the  appearance  o^ 
rotatory  motion  in  the  corona.  *  Five  or  six  second^ 
after  the  commencement  of  the  total  obscuration,' b^ 
writes,  '  a  brilliant  luminous  circle  was  seen  surround^ 
ing  the  Moon,  which  became  vivid  as  the  centre  o^ 

*  From  an  article  in  the  Comkdl  for  October  1870  (bj  the  preeen'^ 
writer). 
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that  body  continued  to  approach  the  centre  of  the  Sun. 

About  the  middle  of  the  eclipse  its  breadth  was  equal 

to  one-sixth  of  the  Moon's  diameter.     There  appeared 

issuing  from  it  a  great  number  of  rays  of  unequal 

lengthy  which  could  be  discerned  to  a  distance  equal 

to  the  lunar  diameter.     It  seemed  to  be  endued  with 

ft  rapid  rotatory  motion,  which  caused  it  to  resemble  a 

firework  turning  around  its  centre.     The  colour  of 

the  light  was  not  uniform  throughout  the  whole  breadth 

/>f  the  ring.     Towards  the  margin  of  the  lunar  disc  it 

appeared  of  a  reddish  hue ;  then  it  changed  to  a  pale 

yellow,  and  from  the  middle  to  the  outer  border  the 

yellow  gradually  became  fainter,   until  at  length  it 

kerned  almost  quite  white.' 

The  next  eclipse  during  which  new  features  of  im- 
portance were  noticed,  was  that  of  1842.     We  have 
*een  how  carefully  the  prominences  were  observed 
during  that  eclipse,  and  how  many  eminent  astronomers 
^ere  engaged  in   noting   the   phenomena   presented 
doling  the  total  obscuration  of  the  Sun.     The  corona 
^518  also  carefully  studied.     Indeed,  one  is  inclined 
••Itxiost  to  regard  it  as  a  misfortune,  that  the  same 
^^tronomers  who  tell  us  about  the  appearance  of  the 
Pt'ominences,  are  those  from  whom  we  derive  our  in- 
formation respecting  the  corona.     One  cannot  but  feel 
that  the  accurate  observation  of  both  phenomena  was 
niore  than   could  be   expected   even   from  the  most 
skilful  astronomers,  and  that  a  division  of  labour  might 
have  been  advisable. 
The  apparent  motion  of  the  corona  was  noticed  by 
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several  observers.     Some  of  those  stationed  at  Mont* 
]tellier  thought  that  the  corona  had  a  rotatory  motHiB. 
Francis  Baily  cumpared  the  flpjienrauce  of  the  coroM 
to  the   dickering  light  of  a   gas  illumination.    OtU' 
Struve,  also,  n'iu>  much  struck  by  the  violent  agitstiia' 
to  which,  as  it  seemed  to  him,  the  light  of  the  ring 
Bubju-cted.     The  apparent  extent  of  the  corona  as  > 
by  different  observers  varied  in  a  soniewlmt  surpri^nj; 
manner.     Oito  Struve,   observing  at    Lipcsk,  fcmiJ 
the  breadth  of  the  corona  eijiial  to  tlie  Moon's  appanni 
diameter;  while  M.  Petit,  observing  at  Monlpdlicr. 
assigned  to  the  corona  a  breadtli  scarcely  eKcetiiing 
one-fourth  of  this  amount.     Baily's  estimate  lav  lii>- 
twecn  these  values.     2ior  were  the  observers  in  agree- 
ment  as   to   the   general  appearance  of  the  corof* 
Otto   Struve   observed  several   luminous   expanautui 
some  of  them  extending  fully  four  degrees  froui  lliB, 
Moon's  limb,     Signor  Picozzi,   observing   at  MiliBi, 
8BW   two  jeta   of  light    occupying    a  position  wWdi 
corresponded   very  nearly  ■with    that  of  tJie   ccliplJ'' 
Several  observera  in  France  noticed  a  similar  pwoli^  I 
arity.     Minor  cays,  also,   were  distinctly  recognirt'l  I 
l>y  Mauvais  at  Perpignan,   and   by   Bally   at  Pflvi«-  I 
The  iLtst-named  astronomer  remarks,  indeed,  that  lb*  ' 
diverging  rays  were  aufficieutly  marked  to  deprive  fW ^ 
oiirona  of  the  appearance  of  a  ring.     But  Mr.  Aii^J*. 
observing  the  corona  from  the  Superga,  could  scan;^'^ 
recogniae  any   radiation  whatever;    and  he  rcmarl*^ 
that   '  altliough   a  slight   radiation  might   havo  be^fl 
perceptible,  it  was  not  sufficiently  intense  to  nflect   S^ 
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a  sensible  degree  the  annular  structure  by  which  the 
luminous  appearance  was  plainly  distinguished.' 

If  we  consider  the  accounts  which   the  observers 
pve  of  the  brilliancy  of  the  corona,  we  shall  find  that 
these  peculiarities  are  in  accordance  with  the  theory 
that  atmospheric  conditions   were  alone  in  question. 
At  the  Superga  the  brightness  of  the  corona  seemed 
no  greater   than  that  of  the  Moon ;    but  at  Pavia, 
where  Baily  was  stationed,  the  splendour  of  the  corona 
Was  much  greater.     *  I  had  imagined/  this  observer 
writes,  ^  that  the  corona,  as  to  its  brilliant  or  luminous 
i^ppearance,  would  not  be  greater  than  that  faint  cre- 
puscular light  which  sometimes  takes  place  in  a  summer 
evening,  and  that  it  would  encircle  the  Moon  like  a  ring. 
J  Was  therefore  somewhat  surprised  and  astonished  at 
^^e  splendid  scene  which  now  so  suddenly  burst  upon 
^y  view.'     We  have  seen  that  at  Lipesk  the  corona 
^^emed  to  extend  much  farther  from  the  Sun  than 
e'^e where,  and  accordingly  we  find  that  its  brilliancy  was 
*l^o  far  greater.    The  light  was  so  bright,  Struve  writes, 
^^i  the  naked  eye  could  scarcely  endure  it.      Many 
^^uld  not  believe,  indeed,  that  the  eclipse  was  total,  so 
^^^'ongly  did  the  corona's  light  resemble  direct  sunlight. 
But  perhaps   the   most   interesting   and   important 
O'^servations  made  in   1842  are  those  which  refer  to 
^he  structure  of  the  coronal  light.     It  was  noticed  at 
Montpellier  that  the  light  of  the  corona  was  not  uni- 
form, nor  merely  marked  with  radiations,  but  that,  in 
places,  interlacing  lines  of  light  could  be  seen.    Arago, 
at  Perpignan,  recognised   this   peculiarity   with   the 
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naked  eye.  He  saw,  •  a  little  to  the  left  of  a  diamda 
iiassing  through  the  highest  point  of  the  Moon's  limlii 
a  luminouB  spot  comiiosed  of  jets  entwined  in  esA 
other,  and  in  appearance  resembling  a  hank  of  thrt>i| 
in  disorder.' 

The  accompany iiig  picture  (fig.  80)  represents 


Tilt  Ei'iipM  or  im-i. 

general  phenomena  seen  during  the  eclipse  of  1842 
but  it  must  be  remembered,  that  auch  illustradoni 
cannot  be  regarded  as  accurately  representing  details^ 
because  tliey  are  usually  drawn  after  the  eclipse  is  over, 
and  represent  merely  what  the  observer  reinenibets. 
Until  the  whole  duration  of  a  total  eclipse  is  devoted  by 
a  skilful  observer  and  <lraughtsman  to  the  detinestioo 
iif  the  corona,  we  cannot  expect  to  have  really  trust- 
worthy  TJewa. 


THE   COROXA    AXI)   ZODIACAL   LinJIT.      325 

During  the  eclipse  of  1851  no  observations   were 
^OKiade  which  tended  to  throw  new  light  on  the  nature  of 
*&]ie  cordna.     It  is  worthy  of  notice,  however,  that  the 
L  ^Astronomer   Royal  found   the  aspect  of  the   corona 
:-  different  from  what  he  had  noticed  in   1842.     *  The 
cscrona,'  he  says,  *  was  far  broader  than  that  which  I 
'    asiw  in  1842.     Roughly  speaking,  the  breadth  was  little 
>    I^ss  than  the  Moon's  diameter,  but  its  outline  was  very 
'    ixregular.     I  did  not  notice  any  beams  projecting  from 
i^  which  deserved  notice  as  much  more  conspicuous 
^lum  the  otliers ;  but  the  whole  was  beamy,  radiated  in 
structure,  and  terminated — though  very  indefinitely — 
in  a  way  which  reminded  me  of  the  ornament  frequently 
placed  round  a  mariner's   compass.     Its  colour  was 
^hite,  or  resembling  that  of  Venus.     I  saw  no  flicker- 
ing or  unsteadiness  of  light.     It  was  not  separated 
from  the  Moon  by  any  interval,  nor  had  it  any  annular 
structure.     It  looked  like  a  radiated  luminous  cloud 
behind  the  Moon.' 

These  observations,  combined  with  what  had  been 
before  noticed,  seem  to  demonstrate  that  the  aspect 
of  the  corona  is  variable  according  to  the  circumstances 
under  which  it  is  viewed.  It  does  not  seem  to  be 
established  that  the  rotatory  and  flickering  motions 
suspected  by  other  observers  were  only  optical  illusions, 
though  the  observation  of  the  steadiness  of  the  corona 
by  such  an  observer  as  the  Astronomer  Royal  goes  far 
to  negative  observations  of  motion  by  less  experienced 
astronomers.     In  the  case  of  a  phenomenon  like  the 
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corona,  it  is  easier  to  imagine  raovement  in  the  rin^l' 
light  than  to  become  convinced  of  its  fixedness. 

The  eclipse  of  1858,  visible  in  Brazil,  is  chiefljr* 
niarkable  nn  account  of  the  strange  drawing  inideii] 
the  French  astronomer  Liais  {^».  81).  Unforluns''J! 
we  have  no  observationB  confirming  the  acciinicy » 
tliis  singular  picture. 

The  eclipse  of  18G0  is  remarkable  aa.thefiB'' 


which  the  powers  of  photography  were  employet 
in  the  resolution  of  the  problems  presented  by 
corona.  It  will  be  seen,  on  a  reference  to  figs.  66 
67,  that  Mr.  De  La  Rue  succeeded  in  obtaining  ti 
of  the  corona.  Those  seen  in  Father  Secchi's  pi 
graphs  are  somewhat  more  distinct,  the  methm 
employed  giving  a  smaller  and  more  fully  illumiti 
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imagp.     In  a  third  of  Fr.  Secchi's  phntojirnplis'  {fi<i.  H:!) 
the  corona  is  yet  more  distinctly  shonn. 

The  exteasiun  of  the  curuiia  in  6g.  82  is  rcgardctl  by 
Fr,  Secchi  as  corresponding  to  thciM>tar(^i|uat<ir,  whose 
poairion    is    very    nearly   indirated   l>y    tlic    cross-wire 


La   coiiriiinii','  lie  nays,  'est 
pent   leinaiqiHir  qii'elle  pr6- 


sliown  1n  the  figure, 
tr^irr^giilicre,  niaif 
seote  une  ^tcniliie  plus  considOrahle  it  drotte  et  tl 
gauche  que  dans  les  an t res  directions,  o'est-il-tlii-e 
(ju'ellc  est  plus  developpi^e  dans  le  plan  de  IVquateur 
(Bniaire)  f|ue  suivanl  la  ligne  des  poles.'  But,  as  Fr. 
Secchi  himself  [loints  out  further  on,  the  iigure  indicates 


rather  an  extension  opposite  four  jwiiits  lying  butwcfli 
Uic  equator  and  ixAes,  than  an  extension  at  tlie  equslor. 
In  i'act,  iig.  82  presents  a  very  striking  resembluio 
to  Jlr.  Whipple's  picture  further  on  (fig.  85).  Il  il 
Avorlhy  of  notice,  too,  that  not  only  does  the  outlioerf 
the  corona  present  this  (jnadrilaterul  asfiect,  but  in  the 
bright  parts  chise  to  the  Moon's  Hmb  there  are  fnur 
ciirresponJing  regitms  of  greatest  brilliancy.  In  the 
second  of  Mr.  De  La  Kne's  photographs  the  brightot 
portions  eeem  similarly  tliBpnaed." 

Scfflie  of  the  direct  observations  made  in  IBBO 
serve  also  to  throw  inoportant  light  on  the  nalwrc  if 
tlie  corona.  To  the  Astronomer  Royal  the  coroua 
presented  much  the  same  aspect  as  in  18dl,  Bruhui 
of  Leipsic  states  that  when  the  last  ruys  of  the  Son 
disajipeared,  the  corona  shone  out  with  a  white  light, 
of  such  brilliancy  that  the  protuberances  were  fllmuct 

■   One  cannot  wliollf  ■<i!Tee  with  Fatb'r  Ssivhi's  rrtnurfc,  ihnL  lb. 
De  Lu  Run's  phoLographa  nffuTil  no  eridvucs  of  (lie  pecnliitr  ijiwdrilwn' 
FXpansion  of  the  coroiiH  currrBpondiiiK  to  Lha  position  of  Uiei 
apnis.     It  U  liue.  howerer.  that  when  Fr.  Secchi '  publishnl  lui  E 
inttronomeKi  did  Dot  conrwtt  ihpir  douliTs.'    If  Ibn  eiji*D>ion  l>f  <^ 
I'orona  in  four  directioai  bo  n-gHnlc<d  na  An  onliniii7  pfaeitatnonu 
wo  have  Been  how  often  it  lin»  b*en  notirod),  »omo  vbtj-  pnpltiin 
qupations  would  Iw  presmte^l  at  to  the  causp  of  tho  peiillicrilf.   A 
m-IHDgulHT  figure,  liko  thnt  shou-n  in  flg,  M.  would  oomipoud  M 
I'ylindricnl  real  Bgure ;  but  it  would  also  cornwpond  li>  othar  fignrt* 
three  diniensinne.     It  in  indeed  puesible  ilint  thorn  may  be  no  eaium' 
nil  oppDslto  the  tolar  poles,  ihu  light  wo  seo  iheto  Iwiog  laeirlj  ■  M 
■llortened  view  (nii  ibia  siipposilion)  uf  llie  grnit  eatenwoo  over  till  If 
belt!.     In  rJiis  uiw  the  tnin  Dgiire  of  iho  niivnn  would  necniU»  U 
line  to  tlie  rotation  of  two  fay|iarbolu  bsving  Ibo  unae  axes,  arauiul  > 
of  llms  axM 
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obliterated.     He  adds,  '  the  black-looking  Moon  was 
surrounded  by  a  clear  light  of  unequal  breadth.     It 
was  considerably  wider  below  than  above,  varying  from 
nearly  one-half  to  a  quarter  of  a  degree,  and  its  gene- 
ral appearance  gave  me  the  idea  that  the  Moon  was  ec- 
centrically placed  within  it.     Its  general  outline  was 
circular,  but  on  the  eastern  side  a  long  ray  shone  out 
to  a  distance  of  about  a  degree  (that  is,  twice  the  Moon's 
apparent  diameter) ;  it  was  of  a  tapering  figure.  During 
the  ten  seconds  that  my  attention  was  directed  to  it, 
neither  the  direction  nor  the  length  of  the  ray  varied ; 
its   light  was  considerably  feebler  than  that  of  the 
corona,  which  was  of  a  glowing  white,  and  seemed  to 
coruscate  or  twinkle.      My  assistant,  M.  Auerbach, 
lioticed,  in   the  south-western  part  of  the  corona,  a 
Curved  ray  about  a  tenth  of  a  degree  in  length.'  Father 
Secchi  found  that  the  corona  could  be  seen  with  the 
naked  eye  for  about  forty  seconds  after  the  reappear- 
ance of  the  Sun,  *  the  solar  light  shining  like  an  electric 
lamp  projecting  tremulous  shadows.'    Mr.  De  La  Rue 
states  that  *  several  minutes  before  totality  the  whole 
contour  of  the  Moon  could  be  distinctly  seen :  when 
totality  had  commenced,  the  Moon's  disc  appeared  of  a 
deep  brown  in  the  centre  of  the  corona,  which  was 
extremely  bright  near  the  Moon's  limb,  and  appeared 
of  a  silvery  white,  softening  off  with  a  very  irregular 
outline,  and  sending  forth  some  long  streams.     It  ex- 
tended generally  to  about  from  seven  to  eight  tenths  of 
the  Moon's  diameter.'      This  description  corresponds 
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very  satisfactorily  with  the  apiiearancp  repreMntfli 
the  accompanying  picture  {lig.  83)  by  Feilitwrh. 

During  the  eclipse  of  April  1805  it  was  notiMd  th»i 
tlie  corona  continued  visible  for  thirty-six  secondsifia' 
the  appearance  of  the  first  rnys  of  diret^t  Huulight. 

The  ei-lipae  of  Marcli  1867  was  only  annular,  vet  if 
presented  a  feature  well  worth  careful  eoiisider«ti«iii 


ig  llif  E<'lil.6*nnHB0.    {Ff.lUK'L) 


and  that  at  a  station  considerably  rpiiioved  from  '** 
line  of  central  eclipse.  O.  Struve  and  Wapncr,  uWi? 
the  great  eqnatorial  of  the  Pulkr)wa  observalorfi 
noticed  that  when  the  eclipse  reached  \\»  grettwt 
phase,  the  outline  of  that  pari  of  the  Moons  fei 
which  was  outside  the  Snn's,  could  be  distinctly  seen- 
Schwabe,  who  observed  the  same  [ibenomcnon  ■! 
Beeeau,  noticed  thnt  this  pari  of  the  Mixin'o  di«:  w 
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rendered  visible  by  its  superior  blackness ;  a  circum- 
stance which  proves  that  the  light  of  the  corona  must  be 
considerably  stronger  than  the  illuminated  atmosphere 
near  the  Moon's  place,*  even  when  a  portion  of  the 
Sun's  direct  light  is  falling  upon  the  air  there. 

The  total  eclipse  of  August   1867  attracted  very 

much  less  attention  than  those  which  occurred  during 

the  same  month  of  the  two  following  years.     Yet  the 

observations  made  by  Herr  Grosch,  of  the  Santiago 

observatory,  Chili,  in  conjunction  with  Vice-Director 

Vergaza  and  Lieut.  Vidal,  are  full  of  significance  in 

connection   with   the    main    object    of   this    chapter, 

which  is  the  determination  of  the  true  theory  of  the 

corona.     At  the  moment  when  totality  began,  *  there 

appeared,'  says   Herr  Grosch,t  'around  the  Moon  a 

reddish  glimmering  light,  similar  to  that  of  the  aurora, 

and  almost  simultaneously  with   this   (I   mean   very 

shortly  after  it)   the  corona.     This  reddish  glimmer, 

which   surrounded   the   Moon   with  a   border  of  the 

breadth   of  at   most   five   minutes,   was   not  sharply 

bounded   in   any   part,   but  was  extremely   diffused, 

and  less  distinct  in  the  neighbourhood  of  the  poles. 

I  can  decidedly  confirm  this  at  least  as  regards  the 

Sun's  north  point,  but  not  so  much  so  of  the  south 

point,  as  that  part  was  less  observed  by  me,  but  was 

more  particularly  attended  to  by  Lieutenant  Vidal, 

*  By  the  atmosphere  near  the  Moon's  place,  I  mean  that  part  of  the 
atmosphere  which  lies  nearly  in  the  same  direction  as  the  Moon.  Of 
course  it  is,  in  reality,  very  far  removed  from  the  Moon's  true  place. 

t  1  quote  (from  the  Student  for  March  1869)  Mr.  Lynn's  translation 
of  Herr  Groech's  narrative. 


who   could   not   afterwards   give    any 
iiifonnatiun  concerning  thia  pbennmcnon.  . .  .  'I'v  i';>eak 
now   of"    tlie   corona: — its   extent    was    conridenihly 
longer  in  the  direction  of  the  Sun's  equator;  and  In 
considering  its  nature,  we  must,  I  believe,  look  iijum 
it  aa  decidedly  unconnected  with  him.*     ^VTierew,  in 
the  direction  of  its  poles,  its  apjiarent  height  exceeded 
that  of  the  ]VIooq  hy  only  a  tliird  of  her  diameter; 
in    the   direction   at   right  angles  to   this,  its  exUsal 
anioiiiitcd  to  tour-fifths  uf  that  diameter.    Its  light  vu 
white,  hrijrhter  on   the   Moon's  limb,  and  beconui^ 
gradually  fainter  on  the  other  side.      This  white  li^t 
wag    not   in   the  hasl  radiated  it/f/f,  hut  it  had  tie 
apjtearance  uf  rays  [>enetrating  tlirough  it;  orratliel 
as  if  rays  ran  over  it,  especially  in  the  direction  of  eirt 
and  west,  foniitng  symcnetrical  pencils  diverging  gut- 
wards  and  passing  far  beyond  the  boundary  of  the 
white  light.    These  rays  had  a  more  bluish  appearancCi 
and  might  best  be  compared  to  those  produced  by  * 
great  eleotro-ni  ague  tic  light.     Their  similarity  to  the* 
indeed  was  so  striking  that  under  other  circumstanc 
I  should  have  taken  them  for  such,  shining  at  a  grffJ 
distance.     The  >-iew  of  the  corona  here  described 
that  seen  with  the  naked  eye.    I  employed  but  s  ver* 
short   time   upon   it,  only  as  much,  in  fact, 
necessary  to  obtain  a  mere  momentary  view  of  tb- 
general   appearance   of  the   totality.     And  now,   i 

■  Ri-rr  Grouh  obviously  does  uot  mean  that  Uia  ooraiu  i*  not,  la  bi 
opinion,  a  tnlal  ap}i«iidiige,  bul  tlint  Uiere  in  no  conlinuaiu  roniwetja 
liHtwifii  tliD  8un  nod  iliu  cgrgun ;  tbut  it  i*  not,  in  fad.  of  Uw  nitinn' ' 
•  mIm  aluu>>iilii-ro. 
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onclufiioQ,  I  would  just  meDlion  another  phenomenon, 
rhich  seemed  to  me  too  important  to  pass  unnoticed. 
X  showed  itaelf  exactly  at  tlie  north  point  of  the  Sun. 
n  the  white  hght  of  the  corona,  close  ui>on  the 
kloon^s  limb,  there  appeared  several  dark  curves. 
rhey  were  Bymmetricully  arched  towards  the  east  and 
veet,  sharply  drawn,  and  reeembliug  in  tint  lines  drawn 
vith  a  lead  pencil  upon  white  paper.  They  gave  the 
mpresBion  as  if  they  proceeded  from  mie  point,  which 
>oiiit  was  on  the  other  side  of  the  Moon  ;  not,  however, 
pn  the  limb,  but  somewhat  nearer  the  centre  of  the 
$uii.  Beginning  at  the  distance  of  one  minute,  they 
Auld  be  traced  up  to  about  nine  minutes  from  the 
tf  oon's  limb.  Throughont  the  duration  of  the  eclipse 
het/  undrrieent  no  alterolinn  whatever,  reniatning  con- 
itant  both  in  form  and  colour  until  the  disappearance 
»f  the  corona.  Lieutenant  Vidal  (agreeing  with 
Signop  Vergaza)  speaks  of  a  similar  api)earance,  ex- 
ictly  at  the  south  point,  in  the  foi-m  of  a  fan  or  sheaf- 
bnned  tuft  of  light ;  hut  he  says  nothing  of  character- 
8tic  dark  curves,  such  as  I  saw  at  the  north  [mint, 
rbere  is,  however,  no  cause  to  doubt  tlie  accuracy  of 
iie  observed  facts.  These  dark  curves  indicate  a 
itrong  magnetic  [lolar  force  of  the  Sun,  so  that  an 
appearance  of  the  kind  in  question  might  be  seen  at 
Lhe  south  as  well  as  at  the  north  point;  but  perhaps 
being  less  developed  at  the  former  than  at  the  latter, 
it  was  less  perceptible.' 

It  is  impossible  to  read  this  account  without  feeling 
how  much  might  he  learned  from  a  systematic  survey 
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corona  but  a  fugitive  attention^  and  yet  their  accounts 
agree  in  pointing  to  the  existence  of  appearances  which 
merited  a  thorough  study  during  the  whole  continuance 
of  totality,  and  that  not  by  two  or  three  observers  only, 
but  by  ten  or  twelve  at  least,  each  appointed  to  the 
investigation- of  some  special  feature. 

The  study  of  the  corona  was  one  of  the  subjects  to 
which  the  attention  of  the  observers  sent  out  to  view 
the  great  eclipse  of  August  1868  was  specially  directed. 
More  seems  to  have  been  hoped  from  the  application  of 
spectioscopic  and  polariscopic  analysis  than  from  direct 
observation;  and,  accordingly,  the  best  accounts  we 
have  of  the  general  aspect  of  the  corona  arc  those 
derived  from  observers  not  belonging  to  the  expe- 
ditionary parties.  We  owe  to  the  professors  of  the 
college  of  Manilla,  who  observed  the  eclipse  at 
Mantawalok,  the  accompanying  very  remarkable 
drawing  of  the  corona.  It  is  important  to  notice  that, 
unlike  most  pictures  of  the  corona,  this  one  can  be 
trusted.  Owing  to  the  want  of  success  which  had 
attended  all  attempts  to  photograph  the  corona,  the 
professors  were  led  to  think  of  an  ingenious  plan  for 
obtaining  exact  drawings.  They  prepared  beforehand 
several  sheets  of  i)aper,  which  were  introduced  one 
after  another  into  a  dark  chamber,  so  that  the  image  of 
the  eclipsed  Sun  fell  upon  them,  and  the  features  of 
the  corona  were  rapidly  sketched  out  on  each.  Tlic 
corona  is  described  as  of  a  somewhat  triangular  aspect; 
yet  it  is  to  be  noticed  that  there  are  four  rays  of  the 
longer  sort,  so  that  the  corona  in  this  case,  as  in  so 


I 


manj  others,  exhibits  a  general  approach  to  the  trape*' 
zoi<kl  figure.  The  slightly  curved  streak  of  whits' 
light  croEsitig  the  longest  of  the  coronal  beams  is  a 
very  remarkable  feature.  This  streak  U  described  as  of 
an  intensely  white  and  uniform  light.  It  appeared  (or 
was  at  least  first  noticed)  some  two  minutes  after  the 
beginning  of  the  totality,  and  remained  visible  uutil 
the  Sun  began  to  reappear. 

The   polariscopic    observations    made   during   this 
eclif^e  on  the  light  of  the  corona  were  not  successfuL 
The   observers  agreed,  indeed,  that  the  light  of  the  i 
corona  was  polarised  in  a  plane   through   the   Sun'a  [ 
centre;  a  circumstance  which,  if  confirmed,  would  go 
far  to  prove  that  the  corona  shines  by  reflecting  the  Sun's 
light ;   but  the  Astronomer  Royal,  who  has  carefully  ' 
examined  their  accounts,  considers  that  no  dependence 
can  be  placed  on  their  conclusionB,     I  may  as  well  add 
that,  during  the  eclipse  of  1869,  the  American  observer* 
obtained  a  different  result,  and  that,  in  the  opinion  of^ 
those  best  competent  to  judge,   the  question  of  the  I 
])oIarisation  of  the  corona's  light  in  a  plane  througlvJ 
the  Sun's  centre  remains  still  in  abeyance.  J 

Lieutenant  Tennant  examined  the  light  of  tliM 
corona  with  the  same  spectroscope  which,  as  we  saw^ 
in  the  last  chapter,  has  given  information  of  such  in—  1 
terest  respecling  the  coloured  prominences.  He  saw  J 
a  faint  continuous  spectrum.  '  Thinking  that  want  oC\ 
light  prevented  my  seeing  the  bright  lines  which  I  had.  j 
fully  expected  to  see  on  the  lower  strata  of  the  corunBp  < 
I   opened  the  jaws  of  the  slit.'     He   still  failed   to  .: 
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recognise  any  signs  of  bright  lines.  'What  I  saiu,' 
he  writes  (the  italics  are  his) '  teas  undoubtedly  a  eon- 
finmu»  iptctrum,  and  I  taw  no  lines.  There  mny 
hayt  been  dark  lines,  of  course,  but  with  so  faint  a 
^I>«ctrum,  and  the  jaws  of  the  slit  wide  apart,  they 
i«ight  escape  notice.'* 

Before  discnssing  thb  result,  I  proceed  to  mention 
otlier  evidence  bearing  on  the  same  point. 

During  the  eclipse  of  August,  1869,  several  of  the 
American  obserrers  renewed  the  attempt  to  determine 
tl»e  exact  nature  of  the  corona-spectrum.  Their  re- 
sults were  notaccordant.  Professor  Pickering  obtained 
*  faint  continuous  spectrum  crossed  by  three  bright 
"ixes.  Professor  Harkness  recognised  only  one  bright 
'•ne  on  n  continuous  background.  After  observing 
'"^G  apectrum  of  the  prominences,  he  asked  Professor 
'Eastman,  who  was  directing  the  telescope,  to  bring  the 
*-"***"ona  into  the  field.  A  bright  part  of  the  corona  was 
"•^is  brought  under  examination,  but  no  spectrum  ap- 
P^oyed,  <  I  asked  hira  to  try  another  place.  Still 
^*  King  was  visible;  and,  raising  my  head  from  the  111- 
*'*^nient  for  the  first  time  since  the  commencement  of 
"^  totality,  I  remarked, "  Can't  see  any  spectrmn ;  don't 
^^lieve  we  will  get  any."  "  Oh!  yes,  we  will,"  said  he. 

*  It  is  Btrange  that,  notwithstaDilin.;  Ilie  very  plirn  acraunt  giTvii  liy 
T'l^Qt.-Col.  Tennftnt.  it  ehouM  continue  to  be  ttasertwl  ihnl,  awordiiie  lo 
*"  observatioDB.  (he  eoronit  ga™  »  Holar  speotrum  ;  that  in,  a  spi'ctrum 
'^'^»»ed  bj  the  Fmunhofer  lines.  The  Anieriom  observers  wen-  h.) 
"Misled  by  thin  assertion  as  to  searoli  specially  for  tho  dark  lines  irhii;li 
Lionel  Tennanl  whs  Bnppoiied  to  iwvB  seen.  The  obviou"  meaiiint;  ot 
Ws  narratiTB  is.  that  he  saw  a  cootinuous  Bpectram,  witliout  oitlierdark 
'•Om  or  brijfhl  lines. 
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At  that  instant  it  strack  me  that  perhaps  the  elit  wu 
too  nan-ow ;  so  I  opened  it  a  little,  and  then  agsin 
placed  ray  eve  at  the  instrument     In  the   meantime 
Eastman  had  put  the  needle  at  a  very  bright  part  "^ 
the  corona,  and  I  at  once  saw  a  continuous  spectruni< 
about  as  bright  as  that  given  by  the  full  Moon  on   • 
clear  night.    Remembering  that  the  observers  in  Indift-i 
in  August  1868,  had  said  that  the  corona  gives  a  cot*" 
tinuous  spectrum  with    absorptiun    lines  '  (a  mistake"" 
idea,  as  mentioned  in  the  last  note),  '  I  looked  ver'  - 
carefiiUy  for  .them ;   but,  to  my  great  surprise,  I  couB— ■ 
see  none,  and  I  am  perfectly  satisfied  that 
visible  in  my  instrument.      On  the  contrarj% 
absolutely  continuous  spectrum  crossed  by  a   singl 
bright  line,  whose  position  was  recorded.'     This  lin,. — 
was  in  the  green,  and,  if  actually  in  the  place  assigne^-^ 
by  Harknees,  would  correspond  to  a  line  belonging  U-^^^^ 
the  spectrum  of  copper.     But  aa  he  makes  the  line  co^*^^ 
incident  with  one  of  the  prominence-lines,  it  seems  cer'"'^^ 
tain  that  it  can  be  no  other  than  a  line  of  iron,  clos^  * 
by  the   E  lines,  which  has  been  seen  by  several  ol 
fiervers  in  the  spectrum  of  the  prominences."    Professoi 

*  Tbis  iron  line  appears  aUo  ns  a  bright  line  in  iha  EpEVtmm  uf  ibi 
aurora,  act^rding  Vo  lh»  b«Bt  obiervutionii  hitLerto  made.  Aa  I  writs 
I  rrceiTF  from  Hr.  Browning  an  acrount  of  liii  obHrvationa  on  tbi 
■uruni  of  October  2&,  viib  one  of  his  miniature  spcictTosMipa.  Ho  ni 
■  brigbi  line  nrar  %,  und  anoihet  not  for  from  b.  Mr.  Bim 
Tuam.  with  a  similar  instrumpnt.  saw  the  ubdbI  bright  line  in 
DDP  not  far  from  it  to  tfa»  left,  xerj  faint,  and  one  of  medium  brightOM* 
near  f.  Profe«Hir  Wenlock  notra  foor  linp»  in  the  yellow-greea  put  of 
the  epeclmm,  and  one  somewhat  mure  re&»ngibte  than  the  r  line.  All 
Ibow  acccnnU  an  reconcilable  when  we  remember  the  extreme  fiiiDliiNC 
of  thn  aonml  light,  and  Ihe  fact  that  no  exact  delcrtninatiou  bj  tb< 


THE   COROXA    AM)   ZODIACAL   LKiUT.       339 

Young  paid  particular  attention  to  the  spectroscopic 
observation  of  the  corona.  He  also  had  been  misled 
by  erroneous  accounts  respecting  the  Indian  observa- 
tions, and  so  expected  to  see  a  faint  solar  spectrum.  He 
found,  on  the  contrary,  that  the  light  of  the  corona  gave 
a  spectrum  of  bright  lines.  He  saw  three  such  lines, 
and  he  considers  it  certain,  from  their  close  agreement 
with  those  shown  in  Professor  Winlock's  picture  of 
the  aurora-spectrum,  '  that  the  corona  is  simply  an 
electric  discharge,  no  doubt  varying  with  great  rapidity, 
as  we  see  in  the  case  of  the  aurora ;  in  fact,  that  the 
corona  is  a  permanent  solar  aurora.' 

Now,  although  these  accounts  seem  at  first  sight  dis- 
cordant, it  appears  to  me  that  they  can  be  brought 
into  agreement,  not  only  with  each  other,  but  with 
Ijieutenant-Colonel  Tennanfs,  by  a  consideration  of 
the  circumstances  under  which  they  were  severally 
made.  Tennant,  seeing  only  a  continuous  spectrum, 
opened  the  slit  somewhat  widely  :  '  the  jaws  of  the  slit 
were  wide  apart,'  he  says ;  too  wide,  I  imagine,  to  show 
the  bright  lines.  For,  from  what  is  shown  at  p.  144,  it 
will  be  seen,  that  the  brightness  of  the  coronal  bands 

method  of  eoincidences  haa  ever  yet  been  attempted.    I  had  written 
farther  to  the  eflfect  that,  '  even  when  the  aaroral^light  is  only  ruddy  to 
the  eye,  no  red  lines  are  seen,  so  that  we  may  conclude  that  the  excess  of 
red  is  due  to  a  peculiarity  in  the  light  of  mixed  refrangibility  forming  the 
continuous  spectrum,'  when  I  learned  that,  on  the  evening  of  October  24, 
Mr.  J.  E.  Capron,  with  one  of  Browning's  small  direct^vision  spectro- 
scopes (adapted  to  star  observation),  had  succeeded  in  observing  a  line 
in  the  red, '  very  much  like  the  lithium  line,  but  rather  more  dusky.    It 
was  only  well  seen  in  the  rosy  patches  of  the  aurora,  but  could  be 
faintly  traced  wherever  the  rose-  tint  at  all  extended." 

z  2 
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or  lines  could  not  be  increased  in  this  way,  though 
their  breadth^  and  so  the  total  amount  of  light  from  them, 
would  be  increased  in  precisely  the  same  proportion  as 
the  opening  of  the  slit.     But  the  brightness  of  the  con- 
tinuous background  would  be  increased  in  this  same 
proportion.     Hence  the  bright  lines   which  Tennant 
could  not  see,  on  account  of  their  fineness,  were  changed 
by  opening  the  slit  into  broad  bands  of  no  greater 
brightness,  and  rendered  invisible  by  reason  of  the 
increased  brightness  of  the  background.     An  interme' 
diate  amount  of  opening  would  in  all  probability  have 
shown  the  lines.     Now  we  see  that  Professor  HarkBegs 
failed   even  to   see  a   continuous  spectrum   when  he 
used  a  narrow  slit ;  and  the  fineness  of  the  lines  (not 
nearly   so   brilliant   as   the   prominence-lines)  caused 
them  to  escape  his  notice  precisely  as  had  happeneil 
with  Tennant.     But  when  he  opened  the  slit  ^a  little,* 
he  saw  the  continuous  spectrum  and  one  bright  line- 
Ilad  he  opened  it  somewhat  more,  he  would  not  havo 
seen  that  bright  line,  but  would  have  failed  as  Tennant- 
had,  and  for  the  same  reason.     Had  he  opened  it  f»- 
little  le.ss,  he  would  probably  have  seen  the  continuoii--? 
spectrum    and   the   three   bright    lines,  as    Professor 
Pickering    did.     AVith  a  somewhat    smaller   opening? 
the  continuous  spectrum  would  disapjjear  through  e.^— 
cessive  faintness  ;   but  the  three  bright   lines  seen  b>' 
Professor  Young  would  be  even  more  distinctly  visible? - 
We  see  in  fact  that  Professor  Young,  who  succeecl(*d 
readily  in  seeing  three  bright  lines,  failed  to  recognis^*- 
the  continuous  specti-um. 
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It  may  be  said  that  this  iss  hypothetical ;  and  so  in 

a  sense  it  is.     What  an  observer  would  have  seen 

under  certain  circumstances  different  from  those  which 

actually  occurred  must   necessarily   be   hypothetical. 

But  as  to  the  matter  of  fact  on  which  this  hypothetical 

interpretation  of  the  different  results  is  founded,  tliere 

can  be  very  little   question.     Professor   Young  and 

dickering  iow  three  bright  lines,  Professor  Harkness 

*oto  one  such  line,  and  Tennant,  Pickering,  and  Hark- 

ness  gaw  a  continuous  spectrum  ;  while  the  conditions 

''^der  which  these  different  results  were  obtained  are 

^^o-wn.     My  interpretation  accounts  simply  and  natu- 

^ally  for  all  the  observed  spectra.     I  make  the  whole 

l^^stion  one  of  slit-opening. 

AiVith  sufficient  dispersive  power  *  we  get,  as  might 
^    ^ypected  : — With  a  very  narrow  slit,  three  bright 
^^Os  (so  fine  as   to  be  only  recognisable  on  a  close 
^^^Vitiny,  such  as  that  given  by  Professor  Young),  and 
^^   continuous  background  too  faint  for  recognition. 
^^ith  a  slit  not  quite  so  narrow,  we  get  a  faint  con- 
^^Uous   spectrum  and  three  lines,  still  so   fine  as  to 
^^^uire  very  careful  scrutiny  for  recognition.   With  a 
^^tnewhat   wider  slit,  we  get  a  brighter  continuous 
*^^kground  on  which  the  brightest  of  the  three  lines 
^one  is  visible.     And  lastly,  with  the  jaws  of  the  slit 
"^de  apart,  we  have  a  yet  brighter  continuous  spec- 
trum, and  no  visible  bright  bands.    All  this  is  precisely 
in  accordance  with  what  the  theory  of  the  spectroscope 

*  With  insufficient  dispersive  power  we  have  a  continuous  spectrum 
without  bright  lines,  whether  the  slit  be  widely  opened  or  not. 
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requires,  and  it  accords  perfectly  well  with  all  the 
observed  facts,  save  one, — the  failure^  on  the  parts  of 
Harkness  and  Tennant,  to  detect  the  faint  bright 
lines  of  the  corona,  when  these  must  have  been  very 
fine,  owing  to  the  narrowness  of  the  slit.  But  this  will 
surprise  no  one  familiar  with  the  very  varying  |>owers 
of  observers,  as  respects  the  recognition  of  faint  objects, 
or  small  objects,  or  objects  which  are  both  faint  and 
small. 

It  is,  however,  always  possible,  or  rather  it  is  highly 
probable,  that  different  parts  of  the  corona  may  give 
different  spectra.*  The  ascertained  facts  are  these — 
that  some  j)arts  of  the  corona  do  undoubtedly  give  a 
si)ectrum  consisting  in  part  of  three  bright  lines  ;  that 
these  lines  agree  in  position  with  bright  lines  belonging 
to  the  spectrum  of  the  terrestrial  aurora ;  and  that,  so 
far  as  observation  has  yet  gtme,  the  spectrum  of  the 
corona  contains  no  dark  lines. 

The  direct  observations  of  the  corona  as  seen 
during  the  American  eclipse  were  numerous  and 
important.  jMr.  W.  S.  Gilman,  jun.,  from  whose 
coloured  drawing  of  the  eclipsed  Sun  Plate  VII.  i^ 
taken,  writes  thus  respecting  the  ai)pearance  of  the 
corona: — *  The  genei'al  outline  of  the  corona  was  a  tra- 

*  Tills  would  Hcconl  well  with  what  is  (»l>8en-ed  of  the  spectrum  of  fh»- 
fturoni  boroalis.  In  the  comTniinication  already  referred  to  (note,  p.  338 1, 
iu  which  Mr.  Uirmini^ham  describes  his  obsen-ation  of  three  bri|jfht  lines 
in  the  spi^trum  of  the  aurora,  he  says  of  the  'intense  red  of  br»>;»d 
anas  of  light,'  that  *  there  was  here  no  line  what^»Ter  to  be  de»^ecto<l/  And 
again  he  adds,  '  the  white  light  seen  in  some  parts  of  the  sky  gave  only 
the  one  principal  line  in  the  green.'  We  hare  seen  also  that  the  red  line 
of  the  auroral  Bpectruni  is  not  commonly  risible. 
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pezium,  with  the  widest  side  to  the  south-east.  There 
were  also  lesser  projections  on  the  four  sides,  as  well  as 
several  small  indentations.  The  longest  masses  of  light 
coincided  very  nearly  with  the  north  and  east  points, 
at  the  middle  of  totality.  Mr.  Farrell  also  noticed  the 
same  peculiarity.  The  corona  was  composed  of  an 
infinitude  of  fine  violet,  mauve-coloured,  white,  and 
yellowish  white  rays,  issuing  from  behind  the  Moon, 
I  detected  no  clouds  in  it.  The  exterior  edge  was  very 
jagged  in  appearance,  but  did  not  possess  a  harsh  out- 
line,  having,  on  the  contrary,  a  soft  blurred  look.  This 
was  quite  contrary  to  my  expectations,  as,  from  all  the 
drawings  of  eclipses  I  had  ever  seen,  I  was  led  to  expect 
a  well  defined  and  truly  circular  halo  of  light,  extend- 
ing to  an  equal  distance  on  all  sides.  Mr.  Farrell  do- 
scribed  the  aj)pearance  of  the  corona  verbally  as  follows: 
*'  It  was  a  silvery-grey  crown  of  light,  and  looked  as 
if  it  was  the  product  gf  countless  fine  jets  of  steam 
issuing  from  behind  a  dark  globe.  Near  the  Moon's 
disc,  the  light  seemed  almost  phosphorescent." 

*  The  small  amount  of  light  given  by  the  corona,'  he 
adds,  *  is  indicated  by  the  remark  that, "  during  totality, 
the  seconds  on  our  watch-faces  could  not  be  read  with- 
out the  assistance  of  the  lamps  placed  in  the  windows 
of  the  house  to  aid  us  at  this  juncture.  The  time  could 
with  difficulty  be  told  by  the  larger  hands." ' 

Professor  Simon  Newcombc  makes  the  following 
remarks:  '  Looking  directly  at  the  corona,  there  was  no 
actual  appearance  of  striation,  but  it  seemed  to  be  of 
a  jagged  outline  extending  out  into  four  sharp  points. 


nearly  in  the  hiirizontdl  and  vertical  direction; 
midway  between  these  points  the  serrated  edge  ii»nlly 
seemed  to  extend  beyond  the  body  of  the  Moon,  IV. 
greatest  distance  to  which  the  extreme  points  Beernd 
to  extend  did  not  exceed  a  semidiaiiieter  of  the  Mooii. 
UTid  there  was  nothing  like  long  rays  of  light  extending 
out  in  any  direction  -whatever.  When  I  tnriied  m 
head  t)ie  points  did  iiot  seem  to  turn  with  it.  Stilll 
experienced  a  siiigtilar  difficulty  in  judging  accurate); 
either  of  the  number  or  direction  of  the  jagged  p(U]ilE| 
or  of  tlie  extent  to  which  they  might  be  ojnical  illo- 
Eious,  produced  by  tlie  ditt'erences  In  the  height  uu 
hrilliancy  of  different  [tarts  of  the  corona.' 

*  Seen  through  green  glass,  the  corona  conEiKte 
simply  of  four  or  five  prominences,  extending  aronn 
the  Moon,  smooth  in  their  outline,  shading  off  by  in 
perceptible  gradations,  and  rising  to  different  lieighl 
the  greatest  height  not  exceeding  four  or  five  minote) 

Let  us  next  consider  Professor  Eastman's  accou 
of  the  corona.  '  I  was  considerably  disappointed,'  1 
says,  'with  the  appearance  of  the  colour  andbrilIiao< 
aa  well  as  with  the  extreme  contoui-of  the  corona.  M« 
observers  have  described  the  colour  as  'pure'  or  cl< 
white,  and  the  light  as  very  brilliant,  wliile  nearly 
the  published  sketches  rojtresent  the  contour  as 
circular  and  regular,  and  the  coronal  rays  as  radi 
and  efjuaUy  distributed  about  the  body  of  the  S 
The  colour  of  the  coraua,  aa  I  observed  it,  both  wiUi 
telescope  and  without,  was  a  silvery  white,  sligh 
modified  in  the  outer  purtions  by  an  extreini;lj'  fii 
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tinge  of  greenish  violet ;   and  I  could  not  detect  the 
least  change  in  the  colour,  or  in  the  position  of  the  rays 
during   totality.     The   light  of  the   corona   was  not 
brilliant — {>erhaps  from  the  effect  of  haze — but  ap- 
peared more  like  the  pale  light  from  the  train  of  a 
Daeteor  than  anything  else  that  I  could  recall  at  the 
time.     The   corona    seemed   to  be  composed  of  two 
pordons^  both  visible  to  the  naked  eye  ;  in  which,  with 
the  small  instrument  which  I  used,  I  was  unable  to 
"^race  any  similarity  of  structure.     The  portion  nearest 
"^he  sun  was  about  one  minute  high,  forming  nearly  a 
continuous  band  about  the  Sun,  and  appeared  to  be  a 
^nass  of  nebulous  light,  resembling  in  structure  the 
^CQOst  brilliant  irresolvable  portions  of  the  Milky  Way. 
Its  colour  was  silvery  white,  and,  like  its  density,  ap- 
^^ared  the  same  throughout  its  whole  extent.     The 
^uter  portion  consisted  of  rays  of  light  arranged  in 
two  different  ways.    In  five  places  they  were  arranged 
into  groups  resembling  star-points,  composed  of  slightly 
convergent  and  radial  rays,  but  elsewhere  were  dis- 
posed on  radial  lines.     The  colour  of  the  bases  of  the 
star-points   and  of  the  radial  lines  was    the  same  as 
that  of  the  inner  portion,  while  the  outer  portion  of  the 
points   had  a  very  faint   greenish   violet   tint.     The 
radial   lines   were    the   most  prominent.'      He   adds 
that  *  four  of  the  star-points  projected  farther  from  the 
Sun   than   the   ordinary   radial   lines,   and   gave  the 
contour  of  the  corona  the  form  of  a  trapezoid.'   Between 
two  of  the  largest  protuberances  scarcely  any  corona 
was  observed.' 


G^t  very  acu-  tlw  San's  E 
la  bave  ■ueceeJed  n  < 
bovaduT  fioe  E 
tbe  Knuts  of  ^  eoraao.   *I  i 

fee  [iriKWMl*,  'to  tbe  i 
th«  rimx^,  an't  fixed  xij^M  tm 
rcniarkablF  fur  their  riuJI  t 
Aei»v  acrumuUtion  of  light  1 
■iluKte'l  abnut  Hit'  from  the  reJ 
aa  acen  iiivened  in  the  telescope 
might  wHl  be  coni|iare(]  to  sn 
with  (ails  of  MHne  length,  but 
with  IK)  distinct  indication  of  a 
ihnn  the  <ither.  They  were  n 
(lircctiiiti  relativeir  to  the  Sun' 
ortly  Mi  1  did  nut  remark  at  tl 
coTnpI<.-l4?ly  i«>laled,  and  had  ihi 
limb  of  the  Mo-m:  so  far  at  I. 
part  of  the  limb  must  ha 
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They  manifestly  belonged  to  the  heavens,  and  I  made 
no  doubt  were  to  be  classed  with  the  other  parts  or 
aggregations  of  white  light  in  the  corona.     These  two 
bodies  I  scrutinised  closely  for  some   time,  tind,   as 
I  suppose,  to  the  end  of  totality.    The  form,  dimensions, 
nnd  appearance  of  each,  and  their  distance  apart,  were 
in  constant  review ;  but  not  the  least  change  in  either 
respect  was  seen.     It  would  be  in  vain  for  me  to  try 
to  estimate  the  length  of  time  occupied  with  these 
objects.     As  to  the  distance  between  these  two  white 
comet-like  objects,  I  judged,  after  the  largest  solar 
epot  had  been  uncovered,  that  they  would  have  in- 
cluded between  their  centres  the  nucleus  of  that  spot, 
but  not  the  penumbra.      I  had  no  means  of  taking 
any  measures,  nor  would  it  have  been  easy  to  do  so 
^thout  sacrificing  the  scrutiny  for   the  presence  or 
absence  of  changes.     In  order,  however,  to  reproduce 
as  nearly  as  possible  what  I  saw,  I  have  laid  down 
upon  paper  a  circle  of  the  same  size  as  the  Moon's 
outline  in   the   focus  of  the  object-glass — almost  an 
inch — and  holding  this  up  to  the  light  in  the  field  of 
view  of  the  same  eye-piece  used  in  the  telescope,  have 
tried  to  lay  down  with  a  pencil  the  dimensions  and 
situation  of  the  two  objects.     The  following   is   the 
result  I  got  in  this  way : 

Length  of  each  cometoid  light    ....     130" 
Height  of  its  origin  above  the  Moon's  limb  100"  to  80" 

BiBtance  from  centre  to  centre  of  the  two  .         .       60"  to  40" 

^  Perhaps  the  height  above  the  Moon's  limb  should 
be  taken  at  about  half  a  minute,  shortly  before  the 
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end  of  totality.  The  estimate  of  50"  to  40"  here 
made  for  the  distance  apart  of  the  two  objects,  may  be 
considered  entirely  independent  of  the  one  first  pven 
referring  to  the  solar  spot  In  that  case  the  judgment 
comparing  with  the  spot  was  checked  by  selecting  a  pair 
of  scratches  on  the  blue  screen  glass  in  the  field  of  view 
before  the  eclipse  was  over,  whose  interval  was  judged 
not  far  from  equal  to  that  of  the  two  objects,  and  then 
bringing  the  solar  spot  between  them.' 

But  perhaps  the  most  important  of  all  the  obsena- 
tions  made  on  the  general  aspect  of  the  corona,  during 
the   eclipse   of  August    1869,   were   those   made  by 
General    Myer,   who   watched    the   progress   of  the 
eclipse  from  the  summit  of  White  Top  Mountain,  near 
Abingdon,  Virginia,  5,530  feet  above  the  sea  level. 
*  The  point  of  observation,'  he  remarks,  ^  was  sought 
with  the  \iew  of  placing  ourselves  as  far  as  possible 
above  the  lower  and  denser  strata  of  the  atmosphere, 
and  the  smoke,  haze,  and   obsta,cles   to    vision  with 
which  they  are  charged.'     It  is  on  this  account,  and 
because  of  the  bearing  of  the  evidence  on  the  question 
of  the  effect  which  our  own  atmosphere  i)roduces  on 
the  appearance  of  the  corona,  that  General   Myers 
observations   arc   chiefly   important.      The    telescopic 
observations    are    less   interesting    than    they   would 
otherwise   have    been,   so   far   at   least   as   the    con- 
siderations we  are  now  dealing  with  are  in  question, 
on  account  of  the  smallness  of  the  field  of  view,  which 
did  not  extend  far  beyond  the  prominences.     General 
Myer  remarks  that,   in  the  telescope,  the  corona  or 
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aureola  exhibited  a  clear  yellowish  bright  light  elosely 
eurrounding  the  lunar  disc,  and  fading  gradually,  with 
perhaps  some  tinge  of  pinkish  green,  into  the  line  of  the 
darkened  sky.  *  Upon  this  corona,  extending  beyond 
its  brightest  portion,  the  well  defined  rose-coloured 
prominences  were  projected  at  various  {>oints  of  the 
circumference.'*  But  it  is  when  we  turn  to  the 
description  of  the  corona,  as  seen  by  the  naked  eye, 
that  the  characteristic  peculiarities  resulting  from  the 
position  of  the  observer  are  recognised.  *  To  the 
unaided  eye'  says  Myer,  *  the  eclipse  presented,  during 
the  total  obscuration,  a  vision  magnificent  beyond 
description.  As  a  centre  stood  the  full  and  intensely 
black  disc  of  the  Moon,  surrounded  by  the  aureola  of 
a  soft  bright  light,  through  which  shot  out,  as  if  from 
the  circumference  of  the  Moon,  straight,  massive,  silvery 
rays,  seeming  distinct  and  separate  from  each  other  to 
a  distance  of  two  or  three  diameters  of  the  lunar  disc, 
the  whole  spectacle  showing  as  upon  a  background  of 
diffused  rose-coloured  light.  This  light  was  most  intense, 
and  extended  furthest  at  about  the  centre  of  the  lower 
limb,  the  position  of  the  southern  i)rominence.  The 
silvery  rays  were  longest  and  most  prominent  at  four 
points  of  the  circumference,  two  upon  the  upper  and 
two  upon  the  lower  portion,  apparently  equidistant 
from  each  other  (and  at  about  the  junctions  of  the 

*  Since  both  the  prominences  and  the  corona  are  luminous,  wo 
cannot  positively  conclude,  from  this  description,  that  a  part  of  the 
corona  really  lay  behind  the  prominences ;  yet  it  is  well  to  observe  how 
closely  the  description  accords  with  this  view,  or.  in  other  words,  with 
the  view  that  the  corona  is  a  solar  appendage. 


35° 
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quadrants  designated  as  Hmbs)  giving  the  spectacle  i 
quadrilateral  shape.  The  angles  of  the  quadrangle 
were  about  oppodte  the  north-eastern,  north-wesleni, 
Bouth-eastern,  and  south-western  points  of  the  disc.  A 
banding  of  the  rays,  in  some  respects  similar,  ba^  been 
noted  as  seen  at  the  total  ecHpse  of  July  18,  ISGO. 
The.-e  was  no  motion  of  the  rays;  they  seemed  con- 
centric.' * 

"  General  Mjer'e  descriptiim  of  thn  general  aspect  of  the  <k«  >t^ 
air  when  the  loijil  eclipse  WM  in  progtesB  deaprres  lo  hv  added',— 'Tb' 
approuch  of  th«  Muon's  ahndow.'  hv  aaye,  '  did  not  ■p{>eiu'  lo  be  loAt^ 
hj  nil}'  deilDed  line,  or  ttip  moremcDt  of  anj  dark  column  of  lin^ 
lirongh  the  air.    The  darkne™  fell   gradiially,  shrouding  Ihe  moo"' 
tain  ranges  and  the  dim  world  below  in  moet  impretgire  glaom.   ^' 
guides  had  heen  initructed  lo  watch  for  the  shodow,  and  to  call  M"* 
ut  the  glasses.    They  *aw  nothing  of  which  to   give  notiw.    Al  *'' 
sMne  lime,  and  in  ririd  contrast,  the  clouds  above  The  horiioli  "'* 
illumitiated  with  a  soft  radiance ;  thoBC  lowards  the  east  with  liS" 
likf  those  of  a  coming  dawn,  orange  and  rose  prevailing;  those  nof'"' 
ward  and  westwaid,   na   described   to  na   by  iXi.  Charles   Coals  "^ 
1  was  preflfrnl,  with  rainbow  Iwnds  of  light  '^ 
a  his  words,  a  description  written  by  hiw.  •* 
of  interest  in  reference  \o  the  dispersion  of   light: — "The    fcttiA^ 
of  all  lo  us,  who  had  no  astroDomical  ambition,  or  nstronomicol  knO^' 
XrAgr,  10  gratify,  was  the  effect  upon  the  clouds  during  the  tgt«l  o^ 
Bcumtiou.    Those  who  have   had  the  privilege  of   being  upon  Will'' 
Top,   and   ei\ioyiDg   the  westward   scene,   will  rememher   the    grai*'* 
panoramic  view  of  mountains  beginning  on  tlie  northern  and  soutbef** 
horiEOD,  and  stretching  swav  to  the  west  tiU  they  seem  to  meet,  am]  wil' 
appreciate  the   scene   that  we  now   attwnpt   to  describe.     Stretching 
along  this  semicircle  of  mountains  in  long  boriiontal  lini-B.  far  )>eln< 
the  Sun,  lay  light  and  fleecy  clouds,  as  if  resting  upon   their  wing* 
daring  the  seeming  struggle  between  the  orbe   aboTn   them.     At  lb' 
moment  of  the  falling  of  the  dark  shadow,  when  naught  was  to  lie  seefl 
above  but  the  stars  and  the  circle  of  light  around  the  Mnon,  tlieatf 
douds  liecame  arrayed  in  all  the  coloors  of  the  rainbow,  presenting  •■ 
indescribable  richness  with  their  backgroaod  of  sombre  mountain.    T^ 
our  vision,  it  was  as  if  bands  of  broad  ribbon,  of  every  ccnceiTahlo  hne. 
had  been  stretched  in  parallel  lines  half  round  the  aniverse." ' 


iried  hues. 
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During  this  eclipse  a  more  successful  attempt  was 
made  to  photograjih  the  corona  than  on  any  formei- 
(■ccasion.  Fig.  85  representB  the  corona  as  photographed 


I  "Svim  a  Fbotogiaph  of  theSoUr  Curonn  during  the  Eclipse  of 
AogUHi,  issa. 

^Mr.  Whipple,  at  Shelbyville,  Kentucky.  The  four- 
jaered  aspect  is  here  distinctly  recognised^  and  the  \ 

ler  enbewjuentlj  written  lo  Geneml  Mjet.  on  the  anhjer 
^  mnnrkiible  rolaur-EcsDp  d^icribed  nbore,  Mr.  Coule  remarka,  '  I  iras 
prub&bly  boidering  on  the  exlravsgant  (tliaugh  not  more  no  than  is 
allowable  in  counCrj  jonmnlifm)  in  giving  to  thecloucis  "itlllhecoloacs 
of  (he  minbow,"    I  eleurly  remnnber,  howerer.  that  there  were  distinct 
bandi  of  pink,  purple,  yllow,  orange,  iind  fiery  red.  Rod  each  alijjhtly 
tinged  wirli  different  shades  of  ita  own  colour.     One  of  the  bands  had,  I 
nmmnher.  to  my  vieion.  a  slight  lilac  tiogn.    I  do  aot  remember  to  bare 
obserred  any  green  or  blue,  but  1  do  remember  that  the  lower  tdge  of 
the  purple  had  a  very  fuint  blue  tinge.     All  theEe  resting  tgainet  « 
dltrk  bvckgTound  gitre  them  an  indescribably  gnrgeous  appearance,  tlin  V 
liliM  of  colour  seoming  to  be  divided  by  stripee  of  black.    They  all  1^.  | 
in  horixontnl  lines  one  above  the  other.     My  impression  is,  that  thoM    ^ 
colours  appeared  at  the  mDmenl  the  shadow  piuaed  from  the  tower  edge 
of  the  Son,  though  I  am  not  pusitive.' 
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probability  may  be  inferred  that,  with  a  longer  ex- 
jH^ure,  the  rays  would  have  been  presented  as  seen 
bv  Oilman.  Eastman,  and  others,  if  not  as  seen  by 
General  Myer.     In  the  photograph  there  is,  indeed,  i 
sharpness*  of  outline  which  might  readily  be  interpreted 
by  those  unacquainted  with  the  nature  of  photographic 
processes  to  imply  the  existence  of  a  real  boundary 
line  sej^arating  this  part  of  the  corona  from  the  part 
without.     But,  as  a  matter  of  fact,  the  sharpness  of 
outline  is  due  to  peculiarities  in  the  process  of  develop- 
ment.    It  may  be  recognised  in  the  photographs  taken 
at  l>ttumwa,  although  in  them  the  corona  has  a  much 
smaller  extent.     It   is   not   noticed,  however,  in  the 
photogniphs  by  Dr.  Curtis,  where  the  corona  has  about 
the  sumo  degree  of  extension ;  the  reason  being,  that 
he  ompli\ved  sjxHMal  care  in  avoiding  over-developmen^ 
of  the  neirative.     Hence  no  doubt  whatever  can  remaii^ 
that  the  sharpness  of  outline  in  the  Ottumwa  phota-^ 
gi-aphs.as  also  in  ilr.  Whipple's,  implies  no  real  liniita^ 
tion  of  the  obje(*t  photographed.* 

*  A<  >o!no  >tro.'»s  hai»  l»eon  laid  on  this  matter  by  those  who  advociit^* 
thoorio>  rosiHVtiiii:  thotrnvstrial  nature  of  the  corona,  it  may  bt-  woU  t«.^ 
proM-nt  at  lonirth  Dr.  Curti^V  statt-nu-nt  resjx^cting  the  eiTont-ous  interpri— - 
latiou  <.>t'  thrsi*  pht»toirr;iphio  n'Oonl>.     lie  says  that  he  ha**  rea«l  with 
surpri<»o  an  t-xtnu-t  \T\m\  a  Utter,  written  by  Dr.  TruuM  to  Pnfie-sor 
Henry  M'-^rr-m,  in   which   the   former   says,    'An    examination   of  thr 
bcautiful  photojiraphs  made  at  Bnrlington  and  (Ottumwa,  by  th*'  !«ection< 
nf  yuur  party  in  charge  of  Pn>fessors  Mayer  andllime^,  and  a  comjuirir'uu 
of  them  witli  my  sketches  of  the  corona,  have  led  me  to  the  convicti"ii 
that  the  ratliance  anmnd  tlu-  Moon,  in  the  pictures  made  during  th.- 
totality,  is  not  the  corona  at  all.  but  is  actually  the  imaire  of  what  Mr. 
Lockyer  has  called  the  chromosphere.*     *  Dr.  Gould  protve  K.*  say.^  Dr. 
Curtis,  '  to  sp»-v'ify  tiie  points  at  variance  between  the  corona  as  photo- 
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Such  is  a  sketch  of  the  evidence  adduced  up  to  the 
present  time  respecting  the  solar  corona.     It  appears 

fipliGd  and  the  same  object  ai  seea  and  nketched  bj  him  ;  nnd  bwnuBu 
'is  tvo  represeQtalions  do  not  correspond  in  featum.  lie  infors  t.hitt  the 
''■jaeli  ilrpict«d  cuDDOt  bp  Idenlical.  This  aame  argument  would  apply 
iqnnlly  woil  to  iho  "rudiftQce"  jhown  in  tay  own  pUologriiphfi.  since  in 
Inn  the  phenoairnon,  though  faint,  agrees  in  [outline  with  tho  [Bimilnr 
i>)ect  on  the  Burlington  and  Ottamva  pictures,  Nov,  I  cannot  but 
iliere  tlul  Dr.  Gonld  is  in  error  In  irnHgioiug  this  aureola  not  to  be 
nplj  the  iDiBge  of  the  more  intense  portion  of  the  corona  near  the 
rl&a4X  of  the  Sun.  In  the  flmt  place,  the  experience  of  this  very 
*t*Mi  hu  bhown  hniF  guardedly  al!  aketchn  and  dmnings  of  thi' 
P^^nrances  of  lotalitj'  should  be  received,  as  alfoiding  an  accursle 
**«id  of  either  the  "hape,  kob,  or  poaitioa  of  llie  Tarious  objeot". 
■^  is  erideat  npon  eciinparing  the  rnriooa  ski>1uhea  nuidp  by  eyc- 
>*UT(m  of  the  protuberances  and  corona,  both  with  each  other  and 
-^  the  photographs,  and  observing  the  eery  grent  dlBcrepancita 
*>4bst.  Of  ccnrae,  it  ia  not  meaDt  that  accurate  mcusurf  meats  made 
^  nicrotDeter  ejc-picM  in  the  telescope,  or  similar  determinations 
XMMition-anglc,  cannot  be  relird  upoD,  but,  on  the  cuntrBry,  the 
C*>inent  is  that  ont</  sneh  a™  to  be  received  as  Iniatworthy,  and  that 
Stttiral  sketches  and  dtavings  made  hastily  during  the  Tew  exciting 
'*kt)tes  of  totality,  or  from  meniory  aftenrards,  form  but  a  wenk  ground 
p*>ti  wHich  to  base  an  important  scientific  hypothesis.  But  pmitlre 
l^^of  in  the  question  at  issue  is  aRbrded  by  the  veiy  perfect  photographa 
if  the  corona  taken  at  ShelbyvillB,  Keatncky,  by  Mr.  Whipple,  of  the 
t^Mobridgp  expedition.  Here  we  have  a  series  of  aeveral  negatives 
■AKained  by  rei^eiring  the  focal  image  of  a  eix-Inch  object  glass  directly 
0|TOi  the  sennitire  phite,  and  taken,  with  a  wide  range  of  ciposurc,  from 
'ft  to  forty  seconds.  Of  these  the  one  exposed  the  longest  (flg.  SS) 
jiddsa  splendid  and  unntis^akable  piclure  of  the  corona,  representing  it, 
■Ws  tlie  cooYcrging  rays  occurred,  of  a  depth  eqnal  to  a  qnarter  of  the 
Ibinfs diameter.  Surely  Dr.  Guuld  cannot  imagine  the  aurPole  of  tkU 
photograph  to  br  Che  chromosphere  and  not  thu  corona;  andyeto/f  thess 
pictDies  of  Mr.  Whipple's,  and  all  of  the  Philadelphia  oxpBdition,  and 
IBJ  own,  agree  perfectly  in  the  features  and  position  of  the  Tarious 
irrtgoIariticB  in  the  outline  of  the  corona,  the  diOerence  in  Che  repre- 
sentation of  tliat  object  in  the  several  photographs  lieing  solely  one  of 
eilant  and  brilliancy.  Dr.  Uould  adduces  as  an  additional  atgumenC 
in  faronr  of  his  assumption,  the  okserration  that  the  long  coronal  beams 
qipeared  to  him  to  be  "  rariable."  while  Ihe  "  aureole  "  photographsd 
Tu  etidentlj  "  conitaDt "  during  the  time  of  tUAlity.     Thi*  argomeot, 


i 


to  me  thftt  altboogh  it  does  not  Euffice  to  answer  lO 
rh«  qacEtions  of  interest  suggested  hy  tliis  impnflDg 

of  iu  force  when  il  is  mnpinlMTed  UintleodK 
I  ■ff*rwl  10  tJm  «*■  abaolMeljr  titiclunB«lilft  Mb 
I,  dKiiog  tlie  vluiie  period  of  the  totaJ  ohmmttM 
Dr.  Outk  tboB  faotrrds  to  toOEidrr  lioir  far  Dr.  Ootilil  m*t  lltfi 
b«cB  iri  to  fooBril  hit  dpintan  npon  the  cinaaitftoet  thM  tii* '  »ai>d(* 
ia  lb*  Phil^itlidiim  pbotBgr»|Aa.  'while  lalUng  In  eixon  at  ttta  k^ 
«b(nv  the  Moon's  liinb  aUaiiwd  b<r  th*  corooft  as  (-fcn  b;  (ha  r^f* 
•lipcsn  of  nrir  gnat  bhltiaucr,  nralliug  thr  protubenUKa  ia  iW 
NsjMct.  utd  comra  lo  an  almost  kbnipt  temiiiuitioti  a  aliDrt  diaUBtt 
■bore  the  mUt  mrilice.'  He  *  bom  llukt  thms  pvruliaritwo  nsA  I* 
n];uil«l  u  in  sU  probsbilitj  simplT '  pbotagnphie  eSeett,'  th«  pbl* 
of  the  phoCogTHjihs  'pTing  tntrj  indimliou  tint  the  Dagalini  bCB 
wbieh  they  Ken  bikeit  wen  auonglj  intnnsilicd  after  fixing.'  'TUl 
opFntJon,'  he  odds,  '  pnetiMd  lo  gin  uldiUiinal  iloDBit;  to  *>k 
DepktivM.  vooM  bare,  b  this  raae,  preciwlj  tha  dirtt  uf  iociwaifig  (■ 
the  photograph  the  ■ppannt  biilliiuiivr  of  the  eotuna  vithniit  tiMtf  to 
itaexlenL  Moreover,  that  IhiB  txceeaJTe  pholagmpluj  brillaiOCJ  o(  tb 
nndeT  porliuo  of  the  corona  ahonld  not  bo  lakea  aa  a  proof  of  MJ 
phjHCal  uT  ebenicaJ  ppcnGuitj  in  the  actual  ol^ertis  qaitr  coDclnlinJf 
pmraJ  bj  mj  own  pboii^niplis.  which,  vltiln  ahoviog  abnaf  Um  nM' 
extcDi  of  eoRiu  ai  th«se  pitiora  of  the  FliiUdelphja  put;  thiil  »■ 
eeind  the  leut  cspoanre,  yet  tepreeeot  it  aa  a  very  feeble  loninNiO'' 
fading  gndnallr  and  impeiceptiblj'  into  coiuplete  darkneaa,  ud  dut 
while  the  same  [ihologiaphi  show  tilt  protuienmcrt  ufgrrat  briUiuur- 
If  this  pecaliwritj  of  the  BurlingtoD  and  Otcumwa  photogtuibs  bat 
indeed  an;  inflnfnce  in  leading  Dr.  Oould  into  the  niitoonttiplil 
into  which  1  c&nnot  but  birliere  he  has  fallun,  th«  rirmmnnifi 
affifrda  bnt  another  example  among  nunj  that  1  have  wm  of  t 
ttteaailj  thai  a  critic,  before  u(t*inpting  lo  draw  edeiiiific  infanM 
ftwn  photographic  reprex;ntalions,  should  hinuelf  liecome  ouartblai 
a  photographer,  elns  he  wiU  be  very  apt  to  fall  into  thia  nalwal  wtsf 
aacribing  ettecla  wholly  prodncod  in  the  daik-room  to  pbjairat  '■^«' 
teriaticB  of  the  object  poorlrayed.  And  bj  a  ringtdar  twncidcnM  e 
dence  that  Dr.  Gould  has  not  a  practical  acqiiftintance  with  ^anwot 
eecm  to  he  aflbrdtd  in  this  Mine  pobliBbed  letter,  by  liie  total  mwnli 
preution  of  another  purely  pholograpbic  effw-t.  lit,  lbs  appan 
encHMchment  of  the  prominencea  upon  liie  diae  of  the  Uoon  aa  eeas 
the  pbotogmpbi.  Tliit  curious  appeanuce.  iattoid  of  t.-jng  ia* 
"  Bpeoular  teflictiua,"  h  wholly  a  darV-room  pbonoinMioii.' 
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phenomenon,  it  yet  leaves  very  little  room  for  doubt 
as  to  the  general  characteristics  of  the  corona. 

We  are  fortunately  able  to  dispose  very  briefly  of 
some  of  the  theories  respecting  the  corona  which  were 
suggested  in  old  times.     We  need  no  longer  inquire 
with  close  scrutiny  into  the  theory  that  the  corona  is 
due   to   a   lunar  atmosphere,   because  we  now  have 
abundant  evidence  that  either  there  is  no  lunar  atmo- 
sphere, or  that  at  least  no  atmosphere  competent  to 
produce  such  a  remarkable  appearance  surrounds  our 
satellite.     We  know  that  two  very  definite  results  (to 
consider  no  others)  must  inevitably  follow  if  the  Moon 
had  an  atmosphere  of  even  moderate  extent.     In  the 
first  place,  the  refractive  power  of  such  an  atmosphere 
would   cause   somewhat  more   than   one-half  of  the 
Moon's  surface  to  be  illuminated — precisely  as,  in  the 
case  of  our  own  Earth,  the  Sun  is  apparently  raised  by 
atmospheric   refraction   above   the   horizon  of  places 
lying  beyond  the  hemisphere  turned  directly  towards 
him.    It  is  easy  to  show  that  under  these  circumstances, 
when  the  Moon  is  nearly  new,  her  horns  should  extend 
somewhat  beyond  a  semicircle.     The  fact  that  no  such 
extension  has  been  noticed  suffices  to  prove  that  she 
has  either  no  atmosphere  or  one  of  very  limited  extent. 
Again,  the  occultation  of  a  fixed  star  by  the  Moon 
could  not  fail  to  be  accompanied  by  evidence  of  the 
existence  of  any  lunar  atmosphere.     Instead  of  disap- 
pearing suddenly,  the  star  would  be  slowly  reduced  in 
brilliancy,  and  would  appear  to  cling  for  a  few  moments 
to  the  outline  of  the  Moon's  disc      Since  no  such 

A  A  2 
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to  the  iSftactina  of  tW*olarnm»  tfcer  pmbfde 
Mood,  bemwe  PnfeMflr  Bwlen  Powell  sod  SirDsnA 
BtrwwUr  h*rt  aJmmJamly  A  ■mail  i  aled  thai  the  tfect* 
doe  to  nicli  difisctioa  eodd  not  be  diacenuUe  froo^  I 
tbaEanli. 

We  uuy  tfaus  limit  oar  attentioD  to  two  genenl 
tbcmai  (each  adauttiDg  of  special  differences)  whidi 
•t  prewBt  dividfi  attention.  One  b  the  theoiy  tlut 
Ibe  corona  in  a  moW  appendage ;  the  other  is  the  theoiy 
Uiat  it  ta  a  phenomenon  due  to  the  passage  of  solar 
light  tliijugh  our  own  atmogphere. 

it  will  be  «cen  that  somewhat  important  issues  de- 
pend  oil  the  Rftleclion  we  have  to  make  between  these 
two  theorieH.  For,  if  the  corona  be  but  a  phenomenon  of 
our  own  atraoBplicrc,  it  is  not  worthy  of  more  attention 
than  we  might  give  to  the  rays  which  etream  through 
uiHiniiigs  between  cluuda  and  form  vast  beams  of  light 
namn*  the  heavens.  But  if  it  be  a  Bolar  appendage, 
thou  it  ia  one  of  the  most  imposing  phenomena  the 

*  Ildli^  mcnlloni  that  coiitnirj  soDlimsnta  word  cotertained  'b; 
tli'ixii  ttlirii'i  jiid|(mi>nU  he  whould  alnaja  revere.'  It  bu:  been  auppoBsd 
lliut  lliiltu;  h«re  nkn  to  Noirtou. 
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mind  of  man  can  dwell  upon.  Those  long  beams  have 
(then)  a  real  extension  compared  with  which  the  volume 
of  our  Earth,  nay  even  the  volume  of  the  Sun  him- 
self, sinks  into  utter  insignificance;  and  that  inner 
radiance  which  encloses  the  Sun  on  every  side  indi- 
cates a  luminous  region  of  inconceivably  vast  extent, 
while  the  problems  suggested  for  our  consideration  by 
the  aspect  of  this  region,  and  by  the  physical  state  of 
the  material  distributed  through  it,  are  of  the  most 
interesting  character. 

It  will  conduce  perhaps  to  clearness  of  conception  if 
we  consider  where  that  portion  of  our  atmosphere  is 
situated  which,  according  to  what  may  be  called  the 
*  atmospheric  glare '  theory — advocated  by  M.  Faye, 
Mr,  Lockyer,  and  possibly  by  others — is  illuminated  by 
solar  light  during  total  eclipses.  We  can  then  inquire 
at  our  leisure  by  -what  path  the  solar  light  reaches  this 
region  of  our  atmosphere. 

Let  the  observer  be  at  o  (fig.  86)  in  the  centre  of 
the  Moon's  shadow  b  b\  which  forms  an  elliptical 
dark  space  on  the  Earth's  surface.  We  need  not  con- 
cern ourselves  with  the  shape  of  this  ellipse,  which 
will  vary  in  different  eclipses  and  at  different  stations. 
We  need  only  note  that  in  a  considerable  total  eclipse 
the  least  diameter  of  b  V  will  be  greater  than  100  miles. 
Now,  let  A  V  represent  a  portion  of  the  Moon's  shadow- 
cone,  forming  within  our  atmosphere  a  figure  not  dif- 
fering greatly  from  an  oblique  cylinder.  Assigning  to 
the  atmosphere  a  height  of  about  200  miles  this  cylinder 
will  have  a  shape  such  as  a  V\  but  if  we  assign  to  the 
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atmosphere  an  elevation  of  500  miles,*  Aen  ire  skoiiU 
hare  to  assign  to  our  shadow  cylinder  the  figure  a  V, 
Now,  let  lines  drawn  from  the  ob5erTer*B  eye  to  the 
boundarv-  of  the  Moon's  disc  enclose  the  black  cose 
shown  in  part  in  o  m,  while  lines  drawn  to  the  boandaij 
of  a  circular  corona  extending  one  degree  on  every  side 
of  the  Moon's  disc  during  totality  form  the  cone  showD 


in  part  in  o  c  c'.  Both  cones  are  shown  well  within  the 
cylinder  a  b' ,  because  as  a  matter  of  fact  we  find  that 
the  linos  o  a,  O  a'  would  contain  an  angle  considerably 
greater  than  the  angle  c  o  c'. 

'  Wo  iini  herp  considering,  be  it  mnemWred,  Iho  atmosplier*  whicli 
is  efFtL'tive  in  reflocting  sobir  light  to  thn  eje  ;  Rnd  it.  will  Bcarcrlj  lie 
admitted  lj;  moHt  metcurulogints  that  an  Btmntiphere  of  ihu  et'rt  mii-ndi 
iTi'H  lu  no  great  a  height  hh  101)  mileii  from  tho  Kmrth's  eorfuce.  Our 
liOHt  rattina<«  (bo  fiiriia  tbiscbnrartoriatio  of  the  iitruosplif  rf  is  concprnrdl 
19  anduubtcdl}'  that  founded  on  thp  height  of  the  twilight  cnrra  when 
obstrred  from  suitable  etationB.  fur  this  height  depends  on  tho  Terr 
quality  venrGcon»idoncg.  ^'o^T  BraTais,  from  a  diBpussiuD  of  Lambert'a 
ubKcrvutions  of  the  crspuiieular  curve,  dedn<:(id  a  height  falling  abort  of 
1(H)  miln,  while  his  own  obserrationa  made  from  the  sammit  of  th* 
Faolborn  gate  a  height  of  aboat  66  mile*.    So  far  as  the  raal  eiUnsion 
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Now,  if  the  atmospheric  glare  theory  is  true,  all  the 
cone  o  c  c'  in  our  atmosphere  is  illuminated  at  the  time 
of  central  eclipse  except  only  the  core  belonging  to 
the  cone  o  m.  This  is  certain,  because  we  see  the 
Moon  dark  and  the  corona  bright ;  so  that  we  require 
o  m  to  be  dark  and  the  remainder  of  o  c  {/  to  be  bright. 
Now,  so  far  as  undeflected  solar  rays  are  concerned,  the 
whole  region  a  h'  is  in  shadow.  The  light  from  the 
prominences  can  get  into  this  region,  and  so  perhaps 
can  solar  light  deflected  by  some  possible  action  at  the 
Moon's  surface.  But  the  problem  which  the  sup- 
porters of  the  *  atmospheric  glare  *  theory  have  to 
solve  is  to  get  the  light  into  the  cone  o  c  </y  growing 
brighter  and  brighter  up  to  the  very  boundary  of  the 
dark  cone  m  o  (to  correspond  with  the  increase  of  the 
corona's  light  up  to  the  Moon's  limb),  and  there 
suddenly  ceasing.  This  done,  they  must  show  further 
that  if  another  observer  is  stationed  somewhere  else 

of  the  atmosphere  is  concerned,  we  maj  accept  the  opinion  of  Dr. 
Balfour  Stewart  that  observations  made  on  the  aurora  supply  the  best 
means  of  forming  an  opinion.  From  such  observations  made  in  1819. 
Dalton  estimated  the  extreme  height  of  the  auroral  arch  at  102  miles. 
Sir  John  Herschel  estimated  the  height  of  the  auroral  arch  seen  on 
March  9,  1861,  at  83  miles.  Observations  of  meteors  afford  another 
means  of  solving  the  problem.  A  height  greater  than  any  of  those 
above  mentioned  has  been  deduced  firom  observations  of  this  sort. 
Lastly,  polariscopic  observations  have  led  Liais  and  others  to  the  con- 
clusion that  our  atmosphere  extends  to  a  height  of  more  than  200  miles 
from  the  Earth.  The  rarity  of  the  atmosphere  at  such  an  elevation 
assuming  the  law  of  diminution  of  density  which  prevails  lower  down  to 
continue  unchanged,  would  be  altogether  inconceivable.  A  quantity  ot 
air  which  a  healthy  person  of  average  height  oould  draw  into  his  lungs 
at  a  single  inspiration  would  suffice,  when  so  reduced  in  density)  to  fill 
a  sphere  exceeding  in  diameter  the  orbit  of  Jupiter. 
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withiD  6  i'  as  at  o',  the  cones  formed 
eye  to  the  Moon's  limb  and  the  corona's  boundary,  tn 
respectively  dark  and  illuminated  in  exactly  the  swne 
way — that  ia,  they  must  show  that  the  Eame  regiont 
of  the  air  are  at  once  illuminated  and  in  darkness. 

This  may  fjurly  be  regarded  as  impossible. 

Tet  even  if  this  could  be  demonstrated,  much  more 
woidd  still  remain  to  be  done  before  the  '  atmospheric 
glare' theory  could  be  regarded — I  will  not  say  ai 
established — but  as  worthy  of  consideration.  UotU 
something  of  this  sort  has  been  done — and  nothing  of 
the  sort  has  yet  been  attempted — we  need  not  inquire 
how  far  those  spectroscopic  obsei'vationscanbe  explained 
away  which  ProfeBsora  Young  and  llarkneas  justly 
regard  as  of  themselves  demonstrating  the  aon-terre»- 
trial  character  of  the  coronal  light.* 

It  appears,  then,  that  whatever  view  we  are  to  form    I 
of  the  actual  constitution  of  the  coronaj  we  can  at  least 
have  no  doubt  that  it  is  a  true  solar  appendage.    There    I 
may  not  be  any  closer  bond  of  union  between  the 


*  It  irill  be  obeon'cd  tliBt  iJie  sbove  codsidoralions  diKpoae  of  Ui*t 
modiHed  form  of  the  atmocpheric  ginre  theory  which  Mr.  Lockyn  )m 
recvntlj  put  furwiird.  Wicbont  inquiring  here  vbether  (ra  he  UMerti)  a 
pouible  lunir  action  fonncii  a  part  of  the  theory  lU  originuUy  pM- 
ponnded  (eeo  preface  to  the  second  edition  of  my  Other  Worldt),  I 
innst  point  out  ihat  such  wtion  does  not  render  tbe  theory  st  all  moi« 
mtisfactoiy.  We  bav-t',  if  the  theory  is  tme.  a  certain  region  of  oar 
atmogpbom  illuminated  and  a  rertain  other  region  dnrk,  and  th*  tfaeofj 
glTM  no  Mplanntion  whatever  of  how  this  oomea  about.  MoTMim, 
duppostng  it  did  (uplain  the  matter  for  one  obfierrer  at  one  moment,  the 
Fjiplunatiua  vonld  not  arail  to  show  how  in  the  case  of  Haolbprobaarrw, 
thut  same  illumiuated  region  would  be  dark  and  that  1 
illumiualed  at  the  very  1 
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material  substance  (of  whatever  sort)  which  emits  the 
light  forming  the  corona  than  exists  between  the 
nucleus  of  a  comet  and  the  comet's  tail.  But  certainly 
the  evidence  seems  to  force  on  us  the  conclusion  that  a 
relation  as  unquestionable  associates  the  corona  and 
the  Sun  as  that  which  compels  us  to  regard  the  tail 
and  coma  as  real  appendages  of  a  comet. 

The  corona  thus  viewed  becomes  one  of  the  most 
important  and  interesting  of  all  the  phenomena  of  the 
solar  system.  We  no  longer  have  to  deal  with  sun- 
beams shining  through  our  atmosphere,  or  with  mirages 
in  some  lunar  envelope,  but  with  luminous  spaces  of 
inconceivably  vast  extent.  Let  us  consider  what 
evidence  we  already  have  bearing  on  the  nature  of  this 
wonderful  solar  appendage.  We  shall  then  more  justly 
appreciate  the  interest  attaching  to  those  efforts  which 
are  being  made  to  gain  fresh  information. 

The  general  aspect  of  the  corona,  as  described  in 
the  preceding  pages,  does  not  suggest  the  idea  that 
we  have  to  deal  with  a  solar  atmosphere.  Those 
radial  projections  are  not  the  appearances  we  should 
expect  to  find  in  an  atmospheric  envelope.  Nor  again 
is  it  easy  to  understand  how  the  irregular  masses  of 
light,  the  spots  resembling  hanks  of  thread  in  disorder, 
and  other  peculiarities  of  a  like  nature,  can  be  ac- 
counted for  on  the  theory  that  the  corona  is  a  solar 
atmosphere. 

But  this  view  of  the  corona  may  be  regarded  as 
disposed  of  completely  by  the  nature  of  the  lines  seen  in 
the  spectra  of  the  coloured  prominences.  We  have  seen 


I 


(p,  295)  that  the  gases  forming  the  prominencea  pro- 
bably exist  at  a  comparatively  low  pressure — that  almost 
certainly  the  pressure  near  the  eummita  of  the  loftier 
prominences  falls  very  far  below  the  atmospheric  pres- 
sure at  the  summit  of  Dliawala  Giri  and  Mount  Everest 
Now,  if  we  supposed  the  extension  of  the  corona  limiled 
to  that  shown  in  Whipple's  photograph,  we  should  jet, 
on  the  supposition  that  the  corona  is  an  atmosphett. 
deduce  a  pressure  far  greater  than  this,  let  our  estinute 
of  the  tenuity  of  the  upper  parts  of  such  an  atmosphere 
be  what  it  (reasonably)  may.  But  when  we  remember 
that  under  favourable  circumstances  the  corona  h» 
been  seen  to  extend  to  a  distance  very  far  exceeding 
the  diameter  of  the  eclipsed  Sun,  so  that  its  depth  (sti)! 
r^arding  it  as  an  atmosphere)  would  be  more  than  ■ 
million  of  miles,  or  exceed  sixfold  the  height  of  the 
loftiest  solar  prominences,  we  find  ourselves  compelled 
to  reject  the  idea  that  we  have  indeed  to  deal  with  » 
solar  atmosphere  properly  so  called. 

We  conclude,  then,  that  the  matter  (of  whatever 
Bort)  existing  where  we  know  that  the  coronal  beam* 
extend,  does  not  form  part  of  a  solar  envelope.  Thia 
being  the  case,  we  have  to  account  for  its  subsistence 
or  continuance  in  these  regions  by  some  other  concep- 
tion than  that  of  the  combined  forces  of  attraction  and 
molecularor  atomic  repulsion  which  keep  an  atmosphere 
in  equilibrium  (statical  or  dynamical,  as  the  case  may 
be).  Now,  there  mar/  be,  and  very  probably  there  ifi, 
in  partial  question  here  the  action  of  repulsive  forcea 
exerted   by   the    Sun.      Most  unquestionably,  as   Sir 
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Jobit  Herschel  has  pointed  out,  the  Sun  does  exert 
repulsive  forces,  and  those  of  a  magnitude  inconceiv- 
ably enonnouH.  But,  in  the  absence  of  any  exact 
knowledge  of  the  condition  of  the  coronal  matter,  or 
of  the  nature  and  mode  of  action  of  solar  repulsive 
forces,  we  must  for  the  present  limit  our  consideration 
to  those  forms  of  solar  action  which  we  can  measure 
and  estimate.  We  must  inquire  how  matter  swayed 
wholly  or  principally  by  gravitation  might  remain  in 
the  Sun's  neighbourhood  without  being  brought  to  his 
surface.  We  know  that  this  can  only  happen  when 
that  matter  is  in  motion  with  suitable  velocity.  Place 
any  particle  at  rest  at  the  distance  of  Mercury,  and 
that  particle  would  move  off  towards  the  Sun,  and  in  the 
course  of  about  fifteen  days  and  a  half  it  would  fall  upon 
&at  luminary.  But  endow  the  particle  with  Mercury's 
velocity,  no  matter  in  what  direction  (except  directly 
towards  the  Sun's  globe),  and  it  will  revolve  around  the 
Sun  in  an  orbit  having  the  same  mean  distance 
as  Mercury's.  It  has  become  at  once  an  attendant  on 
the  Sun,  or  we  may  say  it  is  now  a  solar  appen- 
di^e.  Take,  then,  a  million,  or  a  million  millious,  of 
such  bodies  and  give  them  adequate  velocities,  even 
though  in  a  million  different  directions,  and  the  Sun 
forthwith  has  as  an  appendi^c  a  cloud  of  cosmical 
bodies,  which  will  continue  for  ever,  or  for  an  indefi- 
nitely long  period,  as  a  cloud-appendage.  It  will  not  be 
fixed — the  relations  even  of  its  several  parts  will  not 
he  fixed ;  on  the  contrary,  the  cloud  will  shift  and 
fluctuate,  its  members  aggregating  here  and  segregating 
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clustering  solar  appentiage  it  will  be 


there;  but 
permanent. 

Now,  if  we  reganl  the  corona  as  consisting,  not  of 
one  such  clustering  appendage  but  of  coantloe 
millions,  severally  insiguificant  perchance,  but  com- 
bining to  form  a  solar  aureola  of  enormous  dimensiom 
and  of  inconceivable  real  magnificeDce,  we  are  at  leut 
not  imagining  a  new  feature  of  tlie  solar  system.  On 
the  contrary,  we  have  now  for  some  time  had  abundant 
evidence  that  such  an  appendage  must  esist.  Inf«ct, 
we  bave  simply  been  brought  by  the  coni^ideration  of 
the  corona  to  perceive  an  effect  produced  by  a  portion 
of  the  solar  system  which  had  already  been  recognised. 

It  is  admitted  that  the  Earth  encounters  each  yetf 
more  tlian  a  hundred  meteor  systems.  It  is  known 
that  each  meteor  system  includcB  countless  millions  ^ 
meteors;  it  is  known  that,  besides  the  meteors  belong' 
ing  to  systems,  the  Earth  encounters  myriads  of  otheC 
which,  because  they  have  not  yet  been  associated  with 
any  known  systems,  are  called  sporadic;  and  it  i* 
known  that  the  total  number  of  meteors  actually  en- 
countered by  tlie  Karlli  in  the  course  of  a  single  ycaf 
is  upwards  of  2,700,000,000  if  we  count  only  those 
visible  to  the  naked  eye,  while  the  number  mounts  up 
to  146,100,000,000  if  we  include  those  shooting  stars 
which  can  only  be  seen  with  telescopic  aid."  In  that 
fine  hoop  of  Bpace  which  the  Earth  traverses  each  year— 


simply  deduoi'd  from  Prafesf 
it'  the  Enrlh,  extcoJeJ  U 
EarUi'i  motioD  rotind  Ifae  whole  of  hei  orbit. 
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a  hoop  haying  a  circular  cross  section  of  the  relatively 
inaignificant  diameter  of  7>900  miles— these  amazing 
numbersof  meteors  are  annually  encountered  and  for  the 
most  part  consumed  as  they  pass  through  our  air;  and 
yet  there  is  seemingly  no  diminution  in  the  supply.  If 
we  suppose  that  the  space  between  the  Earth's  orbit  and 
the  Sun  is  supplied  with  equal  richness,  then  undoubt- 
edly we  already  begin  to  have  evidence  of  some  such 
solar  appendage  as  we  have  supposed  the  corona  to  be. 
But  this  is  not  all.  We  know  that  the  meteor 
systems  which  cross  our  Earth's  orbit  have  paths  of 
great  eccentricity,  so  eccentric  in  some  cases  as  to 
carry  the  members  of  these  systems  much  farther  out 
into  space  than  the  orbit  of  distant  Neptune.  We 
know  certainly  therefore  that  the  intersection  of  any 
meteor-orbit  with  our  Earth  is  a  mere  coincidence ;  a 
coincidence  which  would  be  so  unlikely,  if  there  were 
but  a  few  millions  of  such  systems,  that  the  laws  of 
probability  force  on  us  the  conclusion  that  there  must 
be  millions  of  millions  of  meteoric  systems  for  each 
encountered  by  the  Earth.  We  know  again  that, 
according  to  the  laws  of  motion,  the  existence  of  multi- 
tudes of  eccentric  systems  implies  necessarily  the 
aggregation  of  meteors  in  the  Sun's  neighbourhood.* 

*  This  is  trae,  notwithstanding  the  fact  that  in  any  single  meteoric 
system,  elliptical  in  figure,  the  average  condensation  (in  long  intervals  of 
time)  must  be  least  near  the  Sun,  owing  to  the  relatively  swift  motions 
of  the  meteors  there.  For  if  we  conceive  the  case  of  a  vast  number  of 
eccentric  meteoric  systems  in  every  variety  of  position,  the  diminution 
of  aggregation  due  to  this  cause  would  be  as  the  distances ;  but  the 
increafle  of  aggregation  due  to  the  Tolumetric  diminution  of  concentric 
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On  this  account  alone  tlie  average  density  of  meteoric 
aggregation  would  be  twice  as  great  at  half  the  Earth's 
distance,  three  times  aa  great  at  one-third  the  Earth's 
distance,  and  bo  on. 

But  further,  meteors  have  been  found  to  be  associated 
witli  comets — in  tliis  way — that  the  only  meteor  systems 
whose  orbits  have  been  determined  travel  on  the  orbiU 
of  known  comets.  If  we  assume  this  relation,  observed 
in  the  only  instances  we  have  yet  had  the  opportumtj 
of  examining,  to  apply  generally,  then  we  must  infer » 
yet  greater  increase  of  meteoric  aggregation  near  the 
Sun.  For  it  has  been  shown  that  cometic  periheH* 
aggregate  more  and  more  densely  the  nearer  W 
approach  the  Sim, 

Yet  further,  it  would  seem  from  the  researchea  of 
Leverrier  into  the  motions  of  the  planet  Mercury,  thrt 
within  the  orbttof  that  planet  there  must  be  an  increaeed 
aggregation  of  matter.  For  he  has  shown  that  certan 
perturbations  of  Mercury's  motion  may  be  explainedby 
the  existence  of  several  small  planets  travelling  around 
tlie  Sun  within  the  orbit  of  Mercury ;  and  as  we  have 
had  no  proof  of  the  existence  of  even  a  single  object  of 
this  class,  and  as  the  observed  effects  can  be  equally 
well  accounted  for  by  the  supposition  that  myriads  of 
much  minuter  bodies  exist,  we  may  fairly  infer  on  this 
account  alone  that  the  neighbourhood  of  the  Sun  is 
richly  peopled  with  minute  cosmical  bodies. 

Hliella  of  equal  thickDcef  nruunil  the  Sun  with  approach  to  htm,  would 
be  nit  the  Bi(uare  of  the  dislnncB.  Ilencwrosnltaon  the  whole  an  averap 
JocrettHB  of  nggregation  ptuportiuaul  to  the  diminiitiun  of  the  diBlanco. 
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Yet  once  more,  Baxeodell  of  Manchester  has  proved 
that  certain  periodic  meteorological  phenomena,  detected 
hj  him  in  the  tabulated  statements  of  the  best  obser- 
vatones,  can  he  explained  by  the  theory  that  there  exists 
around  the  Sun  a  ring  or  zone  or  spheroid  of  matter 
(hia  theory  does  not  insist,  he  says,  on  any  special  form  ) 
at  about  that  some  distance  from  the  Sun  -which 
Leverrier  has  assigned  to  the  family  of  intra-mercurial 
planets. 

Assuming  that  the  meteoric  f^nilies  which  un- 
doubtedly exist,  and  undoubtedly  become  more  densely 
aggregated  with  approach  towards  the  Sun,  do  thus — as 
LeTcrner'g  theory  and  Baxendell's  would  alike  suggest 
— grow  even  yet  richer  at  about  that  distance  from 
the  SuD  to  which  the  corona  extends  when  most 
favourably  seen,  we  have  this  also  to  further  strengthen 
our  belief  in  the  resulting  brightness  of  the  solar  appen- 
d^e  thusformed — that  these  meteors  would  be  severally 
illuminated  with  inconceivable  splendour  on  account  of 
tlieir  nearness  to  the  Sun.  If  we  add  to  this  that  those 
approaching  most  nearly  to  him  would  be  rendered  in- 
candescent, if  not  vaporised,  by  the  intensity  of  his 
beat,  and  that  most  probably  electric  discharges  would 
take  place  between  them  *  on  account  of  the  intense 

*  I  am  aware  tbat  under  oitlinaij  lerrestrial  conditioDB  the  el«ctrte 
discharge  vill  not  take  pWe  through  a  THCuum.  Eut  vs  have  no 
BTideDce  that  an  actual  Tacuntn  exista  where  the  coroua  ia  awn.  On 
ths  coDlnu7,  it  ia  probable  that  multitudes  of  the  minute  bodies  tiavsl- 
ling  past  tbe  Sun  became  Taporieed,  and  so  cambme  to  form  a  moring 
nporona  region,  whcwe  constitnent  porta  are  continually  changing  a« 
frtsh  matter  uriTM  and  aa  portions  pua  aifs;  ta  distancea  where  they 


THE  suy. 

energy  of  the  solar  action,  wc  huve,  I  thini 
dan t  reason  for  enpecting  that  when  the  SunUDderj^ 
eclipse  an  aureola  of  splendour  would  be  Been  aroimd 
hi  in. 

We  have,  then,  two  distinct  lines  of  argument.  We 
have  been  led  by  the  consideration  of  the  phenomfti* 
actually  presented  by  the  corona  to  the  concludon  diit 
multitudes  of  bodies  too  minute  to  be  seirarately  visiblt 
exist  around  the  Sun  ;  while  we  have  been  led  hrtht 
consideration  of  what  we  know  respecting  mullitu^eof 
minute  bodies  actually  travelling  around  the  Sun  In  ibc 
conclusion  that  a  corona  or  nureole  of  light  would  U 
seen  around  him  during  total  eclipse.  It  eeems  cleir> 
too,  that  all  those  peculiarities  of  the  corona  whidi  biK 
seemed  to  oppese  themselves  so  obviously  to  o'i^ 
theories  accord  most  perfectly  with  this.  Sai'e,  perfuf*- 
one  only.  If  the  corona  ia  really  crossed  by  radiating! 
dark  bars  such  as  are  shown  in  Mr.  Gilman's  picture, 
and  described  by  ecveral  observers  of  total  ec1i|«tt> 
then  most  certainly  that  phenomenon  is  not  aocounU^ 
for  by  the  theory  here  put  forward.  The  metoon* 
theory  will  account  for  a  radial  dark  bai- — by  whiA 
I  mean  a  bar  directed  in  a  straight  line  from  the  Sun- 
as  an  occasional  phenomenon.  But  that  such  bail 
should  be  a  characteristic  phenomenon  of  the  corom 
or  that  in  any  single  case  the  corona  should  be  sM 


can  rfsam^  th^ir  QOfmal  comlitioD.  Chango«  lUs)  ormr,  la  tU  t 
bilitj.  which  no  physical  researchM  yH  miulo  am  uplftin,  (inu  wi  tui 
pruor  or  peculiar  firniH  of  actiua  in  the  roruution  and  t«tiid  gnwtll  I 
conietiu'jr  HppeadugvB. 
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Streaked  with  several  such  bars,  is  a  phenomenon  which 
nothing  in  the  meteoric  theory  considered  per  se  is 
calculated  to  explain. 

Now  this  is  a  difficulty  which  must  be  faced  by  some 
better  means  than  a  mere  attempt  to  negative  the  evi- 
dence. That  erroneous  observations  are  made  from 
time  to  time  is  unfortunately  true  ;  but  when  a  charac- 
teristic phenomenon  which  does  not  seem  likely  to  be 
merely  imnginedy  is  attested  by  trustworthy  observers, 
a  theory  begins  to  wear  a  most  questionable  aspect 
which  can  only  be  supported  by  assigning  those  obser- 
vations to  illusion. 

The  difficulty  in  this  case  is  that,  even  setting  aside 
the  objections  (overwhelming  as  I  think)  which  have 
been  brought  against  all  other  theories  but  the  meteoric 
one,  we  do  not  find  in  any  of  these  theories  the  means 
of  explaining  this  particular  phenomenon. 

Certainly  no  theory  involving  the  existence  of  a 
lunar  atmosphere  can  aid  us  in  this  strait ;  because 
if  the  radial  bars  were  due  to  the  passage  of  the  solar 
rays  straight  through  such  an  atmosphere  in  lines 
touching  the  Moon's  edge  (and  no  other  path  would 
account  for  the  observed  phenomienon),  then  the  exten- 
sion of  the  lunar  atmosphere  necessary  to  account  for 
the  observed  appearances  would  be  about  200,000 
miles,  or  the  lunar  atmosphere  would  extend  nearly  to 
the  Earth.*  We  cannot  for  a  moment  imagine  this. 

*  It  18  easy  to  see  this  by  making  a  diagram  showing  the  Moon  and 
Earth,  with  the  paths  of  the  imagined  rays  extending  along  the  boundary 
of  the  Moon's  geometrical  shadow,  carrying  the  rays  on  until,  as  seen 
from  the-  station  of  an  observer  on  the  Earth  (and  within  the  shadow- 

BB 
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Xor  again  can  the  '  atmospheric  glare '  theory  ex- 
plain this  phenomenon,  unless  we  suppose  the  Earth's 
atmosphere  to  extend  nearly  to  the  Moon's  distance,— 
which  is  altogether  incredible.  Indeed,  even  if  we 
admitted  this,  the  bright  rays  between  which  the  dark 
rays  are  seen  ought  to  grow  brighter  and  brighter  with 
increase  of  apparent  distance  from  the  Moon,  which  is 
the  reverse  of  what  is  actually  seen. 

It  remains,  then,  that  we  should  account  for  the 
phenomenon  by  the  theory  to  which  we  have  been  led 
by  other  considerations.  In  fact,  since  the  meteoric 
theory  has  been  shown  to  accord  so  well  with  other 
phenomena,  while  it  derives  a  negative  strength  from 
the  obvious  flaws  in  all  the  other  theories,  we  are 
justified  in  accepting  with  a  certain  degree  of  confi- 
dence any  explanation  of  these  dark  radial  bars  which 
the  meteoric  theory  may  point  to.  In  other  words, 
instead  of  feeling  bound  to  explain  these  dark  bars 
before  admitting  the  meteoric  theory,  we  may  emplof 
the  meteoric  theory  to  supply  the  explanation  we  re- 
quire. 

Now,  there  are  two  phenomena — one  belonging  to 
the  solar  system,  the  other  to  the  Earth's  economy— 
which  seem  likely  to  aid  us  in  this  matter.  One  is 
the  appearance  of  comets'  tails  ;  the  other  is  the  aspect 
of  auroral  streamers.  As  respects  the  former  pheno- 
menon, it  is  to  be  remarked  that  the  directive  forces^ 
whatever  they  may  be,  which  cause  the  tails  of  comets 

cone),  thej  Bhall  subtend  an  angle  four  or  five  times  as  great  ai  th*^ 
subtended  by  tiie  Moon's  diameter. 
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to  project  from  the  Sun,  reside  undoubtedly  in  the  solar 
globe,  and  act  undoubtedly  with  very  great  energy  on 
certain  forms  of  matter  near  him.     Hence,  as  we  have 
abundant  reason  for  believing  that  the  corona  is  not 
free  from  a  certain  association  with  cometary  matter, 
we  need  not  be  altogether  surprised  if  we  find  in  the 
corona  evidences  of  the  same  sort  of  action  that  we 
recognise  in  the  formation  and  projection  of  comets' 
tails.     Yet  again,  as  respects  the  second  phenomenon, 
we  have  the  striking  evidence  afforded  by  the  spectro- 
scope to  show  that  a  resemblance  of  some  sort  exists 
between  the  coronal  light  and  that  of  our  auroras ;  so 
that  we  are  justified  in  finding  some  resemblance,  and 
even  in  conceiving  that  some  association  exists,  between 
the  long  straight  streamers  which  form  so  remarkable 
a  feature  of  the  aurora  borealis,  and  those  straight 
radial  bars,*  with  dark  intervening  spaces,  seen  in  the 
solar  corona. 

There  is  a  circumstance  which  seems  to  render  this 
relation  more  striking  in  the  fact  that  the  only  ex- 
planation one  can  readily  conceive  of  the  observed 
characteristics  of  the  auroral  spectrum  seems  to  bring 
US  again  upon  that  subject  of  meteoric  astronomy 
which  has  thus  far  stood  us  in  such  useful  stead.     Foi 

*  It  Ib  worthy  of  notice  that  a  difficulty  exists  in  the  relatively  small 
section  of  the  radial  bars,  both  bright  and  dark ;  for  this  phenomenon 
vonld  imply  that  the  centre  of  that  action  to  which  these  bars  are  due 
cannot  have  the  dimensions  of  the  solar  globe  which  we  are  able  to 
measure.  It  seems  far  from  unlikely  (since  indeed  we  have  other 
evidence  corroborating  such  a  view)  that  the  central  and  more  condensed 
portions  of  the  Sun*8  mass  may  be  the  real  seat  of  this  intense  repulsive 
action. 

B  B  2 


372  THE  SUN. 

among  the  bright  lines  seen  in  the  auroral  spectram 
is  one  agreeing  in  position  with  a  line  of  iron,  and  it 
has  been  thought  probable  by  Stewart,  Angstrom,  and 
others,  that  the  light  of  the  aurora  is  due  in  part  to 
electrical  discharges  taking  place  in  the  upper  regions 
of  our  atmosphere.  But  how  can  iron  reach  those 
upper  regions  save  from  meteoric  visitants  ?  and  wkt 
can  be  more  likely  than  that  iron  does  actually  reach 
the  upper  regions  of  our  air  in  this  way,  when  we 
consider  how  largely  iron  enters  into  the  composition 
of  nearly  all  the  meteoric  masses  which  have  been  so 
far  subjected  to  analysis  ? 

But  it  may  be  reasoned  that  if  this  is  indeed  the 
case,  if  solar  action  in  the  upper  rcp^ions  of  the  Earth's 
atmosphere  (or  terrestrial  action  excited  in  some  way 
by  the  Sun)  can  cause  these  electrical  discharges,  then 
solar  action  exerted  directly  on  similar  material  in  the 
other  parts  of  the  Sun  s  domain  ought  to  excite  a 
similar  luminosity,  and  that  therefore  we  ought  at 
night  to  see  some  traces — faint,  it  may  be,  but  still 
recognisable — of  this  particular  form  of  phospho- 
rescence. 

This  amounts,  in  fact,  to  the  consideration,  that  the 
limits  of  the  corona  as  seen  during  total  eclipse  ought 
not  to  mark  the  real  limits  of  the  Sun's  light-exciting 
action.  And  even  supposing  that  but  a  small  propor- 
tion of  the  coronal  light  is  really  due  to  this  form  of 
action — that  is,  to  electrical  discharges — it  would  still 
be  likely  that  some  signs  of  those  meteoric  systems 
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\yhose  illumination  by  the  Sun  has  been  here  regarded 
as  the  cause  of  the  corona,  should  be  seen  beyond  the 
observed  limits  of  that  aureola  of  light. 

Here  again  it  happens  (and  I  know  no  surer  test  of 
the  justice  of  a  theory)  that  we  have  been  led  to  see 
that  a  certain  phenomenon  should  be  manifested,  which 
actually  is  a  familiar  phenomenon  of  the  heavens,  and 
which  would  most  assuredly  have  required  explanation 
if  it  had  not  thus  been  led  up  to. 

For  precisely  in  that  region  where  we  should  expect 
to  find  a  faint  gleam  of  light — precisely  where  the  known 
relations  of  the  planetary  scheme  would  lead  us  to 
look  for  an  abundance  of  meteoric  material,  there 
a.ppears   that    mysterious    luminosity   known   as  the 
Zodiacal  Light.     And  just  as  our  reasoning  has  led  us 
to    regard   the   meteoric   appendage   of  the  Sun — an 
sippendage  really  extending  far  beyond  the  orbits  of 
the  most  distant  planets — as  variable  in  configuration, 
however  constant  when  regarded  as  a  whole,  so  we  find 
the  zodiacal  light  varying  from  year  to  year  in  bright- 
ness,   and    extent,    and    position.     Its    light,    again, 
presents  that  faint   tinge   of   pink   which   has   been 
recognised  in  the  corona  and  forms  so  marked  a  phe- 
nomenon of  the  aurora.     It  has  even  been  observed  to 
fluctuate  in  brightness  and  to  be  traversed  by  flicker- 
ings  and  coruscations — to  thrill,  as  it  were,  responsive 
to  mysterious  influences,  precisely  as  we  should  expect 
on  the  supposition  that  it  is  analogous  to  the  aurora. 
But  IcLStly,  CL$  if  to  remove  all  doubt,  comes  the  fact 
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that  the  light  of  the  zodiacal  gleam  givet  the  errytaat 
itpectruNi  as  the  aurora,  a  spectrum  which,  ui  im  Am* 
already  seen,  rescmbUt  thscly  that  iifthe  eorojia. 

I  have  *aid  tliat  if  we  were  not  led  by  our  coniUen- 
tion  of  the  coroDa  to  uaticipate  as  it  were  the  esistcnct 
of  the  zodiacal  light,  we  should  have  to  explain  tm* 
latter  phenomenon.  Let  us  view  the  zoiiiac^  ligiil 
ajinrt  for  a  moment. 

We  liave  a  glow  or  mdiancn  which  is  commonly  M*n 
along  th<i  zodiac, — that  is,  in  tlic  region  >ii'  tlie  Ay 
where  planets  arc  to  be  lookod  for.  This  ;ilrivr  obeys 
all  the  usual  iaw8  observed  iu  the  motion  of  celcJti** 
bodies.  It  rises  and  sets  precisely  as  the  fixed 
and  planets  are  observed  to  do.  If  we  travel  tow«4* 
or  from  the  equator,  it  is  seen  higher  or  loweft  ^ 
cisely  as  the  part  of  a  planet's  jiath  near  tlie  Sun 
place  would  shift.  It  presents  all  those  peculiarides. 
in  fine,  which  force  on  the  astronomer  tlie  concluMU" 
that  he  has  to  do  with  an  extra-terrestrial  phenomeoWi 
and  a  further  peculiarity  showing  that  it  is  a  pbenw 
menon  specially  associated  with  the  planetary  schenw 

•  Spate  forbid*  my  entering  here  into  >  eonaidaniiion  of  lie  d 
mtnla  by  which  nil  other  IhroricB  of  llmimilncfil  light  nilylwMp** 
In  the  Monltli/  lioliett  for  Novenibtr  of  the  pTMfnt  yfor  then  "ttl  ■ 
(I  wrile  this  in  Ovtolier)  «  pntinp  of  mine,  showing  by  mathnnil'i*'' 
conBidBmliouB  of  »  very  plnfu  kiniJ  lh«t  tho  only  odtnin'-ilil*  ih'rtj'" 
Uie  BodiacM  light  \t  thilt  Mmc  theory  which  1  hnvp  horo  tirjffd  in 
n«liun  of  the  eOTOnn.— Ihe  th.-ory,  nnmelj,  Ihht  there  niA*  ■»!! 
Sub  a  rrgiou  of  mcWorip  matfer  contitJi>«]lj  chiitisjing  In  i-nnfllfW^^ 
4iDd  coOBtitstioD.  owing  to  iho  continual  furiv^  and  drp 
diridaal  meteon.  Erery  pwrnlisriLy  of  the  xodincal  light  it 
g  vii>w.  ojid  muuy  of  its  feitnriii,  n 
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It  has  therefore  been  regarded  by  every  astronomer 
who  has  studied  the  subject  with  due  attention,  as  in- 
dicating the  existence  of  a  lens-shaped  region  around 
the  Sun  within  which  cosmical  matter  is  strewn  with 
considerable  profusion. 

Now,  regarding  the  zodiacal  light  in  this  way,  and 
considering  its  general  aspect  when  seen  under  favour- 
able conditions,  the  conclusion  is  forced  upon  us  that 
the  density  of  aggregation  of  this  cosmical  material 
increases  with  proximity  to  the  solar  globe.  For  we 
see  that  the  borders  of  the  zodiacal  light  are  very 
much  fainter  than  the  central  part  or  core  of  the  gleam. 
We  see,  again,  that  the  light  grows  brighter  and 
brighter  towards  the  horizon, — that  is,  with  proximity  to 
the  place  of  the  Sun.  And  these  relations  are  observed 
even  in  those  countries  where  at  certain  seasons  the 
zodiacal  light  is  vertical,  and  where  therefore  the 
actual  arc  separating  its  base  from  the  Sun's  place  is 
least  at  the  time  when  the  light  is  first  visible  after 
sunset  or  before  sunrise. 

The  obvious  conclusion  is,  that  if  the  zodiacal  light 
could  be  traced  yet  farther  towards  the  Sun's  place 
this  increase  of  lustre  would  continue,  and  that  there- 
fore all  round  the  Sun  there  would  be  seen  a  luminosity 
corresponding  precisely  with  the  observed  aspect  of 
the  corona.      So  that  again  we  are  led  by  the  con- 

corona,  soein  individually  explicable  on  no  other  hypothesiB ;  while 
assuredly  no  other  theory  can  account  for  all  the  observed  peculiaritiect 
of  these  remarkable  phenomena  of  our  sj^stem. 


Bidoration  of  a  well-recognised  feature  of  the  soW 
HyEtem  to  the  conclusion  that  the  corona  is  a  pheno- 
menon to  be  expected  when  the  Sun  is  totally  ecli|)sed, 
rather  than  one  whose  appcsirance  should  be  regarded 
as  surprising  and  perplexing.* 

In  conclusion  I  would  remark  that  while  the  exact 
nature  of  the  corona  remains — and  perhajts  may  long 
remain — a  mystery,  I  know  of  few  iustauces  in  which 
the  general  nature  of  a  phenomenon  has  seemed  more 
satisfactorily  exhibited  than  in  the  case  of  the  corona 
and  zodiacal  light.     We  have  the  strongest  negative 

*  To  l.ho  confiilcnitionii  nltoTe  adduced,  I  mnjr  add  some  vbid  an 
tDnched  upon  in  a  paper  of  mlDo  which  spppared  in  Fraati'f  Majanm 
ftir  Fcbroarj  Iiiat :— ■  Thcro  in  one  feature  of  comeU'  tails."  I  there  point 
oat. '  whii^h  hns  long  tiince  attracted  attention,  and  will  mnind  tha 
reader  of  tiie  peculiarities  common  lo  tbp  Kodiacal  light  and  the  annira, 
I  refer  to  the  sudden  changeisuC  brilliancy,  the  Bickerings  or  coniKatioDi, 
and  the  inBtantancous  lengtliraing  uid  shorteuing  of  tjires  myatenoiu 
appendiigoa.  Olbers  spoke  of  "  eiplosions  and  pnlsalionB,  which 
few  seconds  went  livmbling  through  the  whole  length  of  a  comet'i  tail 
with  tJie  effect  now  of  lengthening  now  of  alindging  it  by  several  drgnea." 
And  the  emineat  mulhemBtlcian  Euler  was  led  by  the  obsemtiog  at 
similar  appfaranws  to  put  furward  the  theory  "  that  Iheri  U  a  grtmt 
ifffimly  //tlu-Mn  I/me  laitt,  the  t'/diaaU  light,  and  tka  aurora  bonalU' 
The  latflAdmiralSmjth,  commenting  on  this  opinion  of  Ruler's,  renuwka 
that  "  most  reasoners  seem  now  to  consider  eomels'  uiU  aBooniiatingot 
(lectric  matter  "  (that  is.  I  suppose,  indicaling  [lie  iHXurrencf>  of  eleetzic 
diKhargns),  adding  t1iat  "  this  would  account  for  the 
other  nppennvncea  which  have  been  noticed— as.  for  instance,  that  vitis- 
urdinary  one  seen  by  Chladnl  IB  Iho  comet  of  IBll.  when  certai 
undulatory  ebullilions  rushed  from  the  nucleus  to  the  end  of  the  tail, 
distance  of  more  than  ten  millions  of  miles  in  two  or  three  sccotids  of 
time."  To  this  may  be  added  the  theory  auggestcd  by  SirJohnHerschel, 
that  the  matter  forming  the  zodiaiiil  light  is  "  loaded,  pf^haps,  with  the 
actual  materials  of  the  tails  of  millions  of  comets,  which  hare  been 
stripped  of  these  appendagea  in  the  eoum  of  succosBiTe  pasusges  n>mid 
the  immediate  neighbourhooil  of  the  Sun.*" 
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evidence  against  all  other  theories  but  one,  and  that 
one  theory  is  confirmed  by  line  after  line  of  positive 
reasoning.  To  doubt  what  general  view  we  should 
form  of  the  corona  and  zodiacal  light  under  these  cir- 
cumstances seems  to  me  to  savour — not  of  that  wise 
caution  which  prevents  the  true  philosopher  from  over- 
looking difficulties,  but  rather — of  an  inaptitude  to 
estimate  the  value  of  evidence.  As  to  details  we  may 
be  doubtful.  Other  matter  than  meteoric  or  cometic 
matter  may  well  be  in  question ;  other  modes  of 
producing  light,  save  heat,  electricity,  or  direct  illumi- 
nation, may  be  in  operation  in  this  case ;  and  lastly 
there  may  be  other  forces  at  work  than  the  attractive 
influence  of  solar  gravity,  or  the  form  of  repulsive 
force  evidenced  by  the  phenomena  of  comets.  As 
regards,  also,  the  true  shape  and  position  of  the  coronal 
and  zodiacal  appendage — and  yet  more  as  regards  its 
variations  in  shape — we  may  still  have  much  to  learn. 
But  of  the  general  fact  that  the  corona  and  zodiacal 
light  form  a  solar  appendage  of  amazing  extent  and 
importance,  that  they  are  not  merely  terrestrial  phe- 
nomena, but  worthy  of  all  the  attention  astronomers 
and  physicists  can  direct  to  them,  it  seems  to  me  that 
no  reasonable  doubts  can  any  longer  be  entertained. 
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corona  has  been  studied  with  results  which  cannot  but 
be  regarded  as  trustworthy. 

But  when  we  attempt  to  combine  these  several  results, 
and  further  to  determine  what  the  general  condition  of 
that  orb  may  be  which  presents  these  several  features, 
we  recognise  at  once  that  a  problem  of  enormous 
difficulty  lies  before  us.  The  more  we  have  learned 
respecting  the  Sun,  nay  the  more  we  have  learned 
respecting  those  physical  laws  by  which  we  are  to 
interpret  solar  phenomena,  the  more  insuperable  have 
our  difficulties  become.  It  was  easy  to  theorise  when 
as  yet  but  little  was  known.  It  was  easy  to  suppose 
that  the  few  physical  laws  we  imagined  we  understood 
sufficed  to  account  for  all  the  phenomena  i)resented  by 
the  solar  orb.  But  as  one  fact  after  another  has  been 
discovered,  the  true  complexity  of  the  problem  has  been 
revealed  to  us ;  and  as  the  physical  laws  which  it  is  in 
our  power  to  discuss  and  experiment  on  have  been  more 
carefully  studied,  we  have  begun  to  recognise  how  very 
limited  our  experience  has  hitherto  been.  It  is  not  too 
much  to  say  that  theories  respecting  the  Sun's  physical 
condition  which  would  have  been  regarded  twenty  years 
since  as  deservinj*  of  careful  studv,  have  nowno  worthier 
standing  in  science  than  the  idea  of  Anaximander  that 
*  the  Sun  is  a  great  vessel  filled  with  fire,  at  the  top  of 
which  is  an  opening  through  which  the  fire  escapes.' 

It  is  easier  to  consider  those  facts  which  have  re- 
vealed to  us  the  enormous  difficulty  of  the  problem  we 
are  upon,  than  to  present  any  considerations  tending 
to  render  our  conceptions  clearer. 


380  THE  SUN. 

In  the  first  place,  we  recogniae  the  fact  that  in  de 
Sun  the  elements  exist  in  conditiona  altogether  £ffe^ 
ent  from  those  we  are  familiar  with.  This  is  tme  of  iD 
orders  of  elements,  from  those  whose  normal  conditiot 
(as  recognised  by  us)  is  gaseous,  to  those  which  at 
ordinary  or  even  very  high  temperatures  remain  solid 
or  liquid.  For  instance,  metals  which  we  can  Yob- 
tilise  indeed  in  small  quantities,  and  by  the  aid  of 
special  contrivances,  but  which  yet  we  can  only  experi- 
ment upon  (properly  speaking)  when  they  are  in  tbe 
solid  or  liquid  state,  are  present  in  the  Sun  as  glowing 
vapours.  But  also  gases  which  no  amount  of  pressure 
or  refrigeration  we  can  command  will  cause  even  to  show 
signs  of  approaching  the  liquid  condition,  j)robal>ly  exist 
in  certain  jwrtions  of  the  solar  globe  as  liquids  or  even 
as  solids.  On  the  one  hand,  then,  we  have  an  incon- 
ceivably high  temperature  volatilising  our  most  fixed 
elements — nay,  for  aught  we  know,  perhaps  dissociating 
substances  which  we  regard  as  elements  into  their  true 
primary  constituents ;  on  the  other  we  have  an  incon- 
ceivably liigli  pressure  at  a  relatively  inconsiderable 
distance  beneath  the  photosphere,  reducing  our  so-caUed 
perfect  gases  into  the  liquid  or  solid  form.* 

*  I  do  not  know  that  wc  have  any  sufRcicnt  evidence  that  hydrogen, « 
oxygen.  nitrf>gou,  and  other  gases  which  we  call  perfect,  are  really  ex- 
ceptions to  the  general  rule  that  all  substances  are  capable  of  assuming 
— under  Ruitablo  conditions — the  solid,  liquid,  and  gaseous  form.  It  is 
true  tiiat  no  pressure  or  refrigeration  we  can  apply  causes  these  gases  to 
exhibit  the  least  trace  of  those  qualities  which  the  imperfect  gnses  ex- 
hibit  at  ordinary  temperatures  and  pressures.  In  other  words,  the  perfect 
gases,  as  their  title  implies,  obey  perfectly  (1)  the  law  associating  density 
and  pressure;  and  (2)  the  law  according  to  which  the  reUtion  of  specific 
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1  the  next  place,  we  have  learn.«d  of  late  to  recog- 
on  how  very  doubtful  a  basis  many  of  the  received 
ms  (almost)  of  physical  science  have  been  placed, 
laws  of  science  were  perhaps  more  thoroughly 
pted  than  those  which  were  supposed  to  distinguish 
solid^  liquid,  and  gaseous  states  from  each  other, 
physicists  believed  that  a  definite  and  well-marked 
ige  of  condition  necessarily  accompanies  the  process 
Fhich  gas  passes  into  the  liquid  state,  and  very 
were  dis|X)sed  to  doubt  that  a  correspondingly 
net  line  of  demarcation  separates  the  liquid  from 
jolid  state.  Yet  the  researches  of  Dr.  Andrews 
J  recently  shown  that  under  certain  conditions  car- 
c  acid  gas  may  be  made  to  pass  by  absolutely  in« 
ible  gradations  from  an  undoubtedly  gaseous  to 
ndoubtedly  liquid  state ;  and  it  is  recognised  that 
t  has  been  proved  in  the  case  of  a  single  gas  is  in 
probability  true  of  all  gases  and  vapours.  It  has 
I  also  rendered  highly  probable  that  under  suitably 


at  constant  pressure  and  constant  volume  remains  constant.  But 
mown  that  imperfect  gases  at  ordinary  temperatures  and  pressures 
very  closely  to  obey  these  laws,  though  as  they  approach  more  and 
nearly  to  the  circumstances  under  which  thoy  become  liquid 
her  through  increased  pressure,  simple  refrigeration,  or  both  com- 
)  they  depart  in  a  marked  way  from  these  laws.  And  it  is  probable 
f  the  imperfect  gases  could  be  experimented  on  at  enormously  high 
ratures  and  low  pressures,  they  would  be  found  to  obey  the  above- 
\  laws  as  perfectly  to  all  appearance  as  the  perfect  gases  do.  All 
n  assert  respecting  the  perfect  gases  fs  that  none  of  the  processes 
ibined  pressure  and  refrigeration  hitherto  applied — perhaps  none  we 
ipable  of  applying— bring  them  even  so  far  towards  the  state  under 
I  they  would  become  liquid  as  the  imperfect  gases  are  brought 
'  ordinazy  pressures  and  temperatures. 
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great  pressure  the  passage  nf  a  molLen  metal  to  ^ 
eolid  form,  or  conversely  the  mctling  of  such  a  met*!, 
may  take  place  in  a  gradual  inanuer,  so  (hat  at  a  certiin 
stage  of  tlie  process  it  shall  be  impossible  to  *»» 
whcttier  the  metal  or  certain  jwrtione  of  it  be  liquid  or 
solid. 

Another  physical  law  had  been  thought  to  be 
thoroughly  established.  It  had  been  gup))osed  that 
the  whiteness  (or  true  incandescence)  of  6ame  was  due 
to  the  presence  of  minute  particles  of  incandescent 
matter.  But  Frankland  has  shown  that  with  increase  of 
pressure  the  faintly  luminouslight  of  burning  liydn^ 
may  be  rendered  bright,  and  that  bv  sufficiently  in- 
creasing the  pressure  the  spectrum  of  the  light  becomes, 
continuous.  So  that  what  had  been  supposed  the  mwt 
marked  characteristic  of  incandescent  solid  and  liquwl 
bodies,  is  thus  shown  to  be  a  possible  characteris- 
tic of  the  light  of  glowing  gas.  Thus  the  whole 
basis  of  our  reasoning  (which  had  been  thought  *• 
sound)  respecting  the  actual  condition  of  the  sol** 
photosphere,  whether  as  evidenced  by  direct  obse*' 
vation  or  by  analysis  with  the  spectroscope,  has  be^ 
ehaken. 

Yet  again  wc  have  learned  to  recognise  the  fa<5-^ 
that  the  imagined  limits  to  the  rarefaction  at  whicE* 
gaees  may  subsist,  as  such,  had  been  placed  far  too  low> 
Our  experimenters  have  gone  indeed  very  far  towards 
the  production  of  an  actual  vacuum,  without  obtain- 
ing any  evidence  that  the  almost  infinitesimal  quantity 
of  gas    which    can    alone    remain    in    the    so-called 
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vacuum-tubes,  behaves  otherwise  than  at  appreciable 
pressures.* 

It  will  be  seen  at  once  how  importantly  this  bears 
on  the  subject  of  solar  physics,  since  it  compels  us  to 
reconsider  all  our  ideas  respecting  the  probable  limits 
of  atmospheric  envelopes  ;  and  the  most  difficult  ques- 
tions of  solar  physics  are  precisely  those  which  depend 
on  this  matter.  Unfortunately  the  observed  fact  gives 
us  no  new  means  at  present  of  forming  a  satisfactory 
opinion  as  to  atmospheric  limits.  Even  if  it  should  be 
regarded  as  demonstrating  that  there  is  no  real  limit 
to  atmospheric  extension,  we  should  still  be  no  nearer 
than  before  to  a  determination  of  the  atmospheric 
pressures  at  the  surface  of  the  Sun  or  of  any  planet 
except  our  own  Earth  ;  and  this  is  the  problem  which 
chiefly  concerns  us  here.f 

♦  They  hare  carried  the  rarefaction  bo  far  that  the  electric  spark  will 
no  longer  traverse  the  tenuous  medium  ;  and  some  have  been  led  to 
sappose  that  when  this  state  of  things  has  been  brought  about  there 
xaxknt  be  an  actual  vacuum.    No  such  conclusion  c^in  be  regarded,  how- 
ever, I  will  not  say  as  demonstratetl,  but  as  probable  or  even  conceivable. 
All  the  evidence  we  have  tends  to  show  that  an  absolute  vacuum  is  as 
imaginaiy  a  conception  as  the  philosopher  s  stone  or  the  perpetual  motion. 
Take  the  most  stable  and  dense  metal,  platinum,  and  conceive  that  for  a 
moment  in  the  heart  of  a  mass  of  such  metal  there  was  a  vacuous  space ; 
then  in  an  instant  that  space  would  be  occupied.   For,  even  setting  aside 
the  probability  that  the  most  solid  metals  undergo  an  indefinitely  minute 
l)ut  still  real  dissipation  at  their  surfaces,  corresponding  to  that  dissipa- 
tion which  ice  undergoes  at  the  lowest  temperatures  yet  experimented  on — 
setting  aside,  I  eay,  this  probability,  there  yet  remains  the  certainty  that 
in  the  intimate  molecular  structure  of  the  platinum  a  perfectly  free  com- 
xnonication  exists  between  the  imagined  space  within  and  the  space 
without.      The  communication  is  not,  indeed,  such  as  suffices  for  the 
eonTeyanee  of  certain  forms  of  matter  or  of  motion ;  but  that  it  is  none 
the  less  real  on  that  account  cannot  be  questioned, 
t  It  would,  indeed,  be  pleasant  to  theorise  on  this  matter, — to  condudor 
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Still  further,  in  considering  the  Sun's  physical  cod* 
dition,  we  have  to  discuss  the  effect  of  motions  wholly 
surpassing  in  velocity  any  that  we  are  familiar  with  cm 
Earth,  and  therefore  a  fortiori  any  that  wc  can  experi- 
ment upon.  Setting  aside  the  fact  that  matter  from 
mthout  must  continually  be  falling  upon  the  Sun  (in 
whatever  condition)  ^vith  velocities  such  as  have  been 
dealt  with  in  Chapter  II.,  we  have  the  observed  (set 
that  movements  fairly  comparable  with  these  have  bew 
recognised  in  the  very  substance  of  the  Sun  by  the  wi 
of  spectroscopic  analysis.  Now,  what  means  have  ire 
for  dotermiDing  the  probable  effect  of  motions  of  100 
miles  per  second  taking  place  even  among  substances  b 
conditions  such  as  wc  aie  familiar  with  ?  We  know  the 
effects  of  certain  velocities ;  wc  see  the  bullet  melted  ai 
it  reaches  the  target,  the  meteor  vaporised  as  it  spee^ 
through  the  air.  But  we  have  no  means  whatever  of 
determining  what  effects  would  be  pro<luced  by  veloci- 
tiea  enormously  exceeding  even  the  inconceivsblfl 
velocity  of  many  meteors.  When  to  tliis  we  add  thiit 
the  swift  motions  referred  to  take  place  amid  depths  of 
vaporised  metals,  and,  for  aught  we  know,  over  S6ts 
and  continents  of  liquefied^  and  solidified  gases,  we  may 
well  shrink  from  tlie  task  of  attempting — »t4€astinthe 

for  example,  that  ererj  planet  could  haTe  jtiBt  bo  miieh  attnonilMn  tf 
corrcBpondud  la  the  range  of  its  atlractire  infliiecces;  an'l  conscquKstlj 
todeducp  ihe  Btnioopheric  pressure  upon  thn  Sun.  But  no  conSdau* 
could  be  placid  in  aueli  tbooriea.    For,  on  the  implied  Euppusilioa,  qoilf 


other  forcxD  thnn  Bttraction  would  have  to  b«  considered.  And.  flirther, 
it  would  be  an  ineTitable  cuaseciuence  of  such  a  Htatc  of  things  that  M 
the  pUnets  changed  Their  relative  poeitions,  the  aUuospberic  pieisun  at 
^M  suiface  of  such  would  vary. 
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ent    state  of  our  knowledge — to  estimate   their 
»able  effects. 

confess,  therefore,  that  at  this  stage  of  mj  subject 
1  very  far  from  sharing  that  confidence  which  I 
some  men  possess  in  dealing  with  problems  of 
r  phjsics.  I  shall  not  pretend  to  place  all  the 
lomena  in  that  due  order  in  which  they  appear  in 
theories  hitherto  propounded.  I  can  only  look  on 
I  a  sense  of  bewildered  admiration  while  the  pro- 
jrs  of  rival  theories  exhibit  the  physical  habitudes 
he  Sun  as  obviously  explicable  according  to  con- 
ictory  hypotheses.  I  must  admit  that  it  seems  to 
that  only  a  very  energetic  forgetfulness  of  a  large 
portion  of  the  evidence  can  account  for  the  adoption 
lese  theories.  I  must  content  myself,  therefore,  with 
jxceedingly  brief  statement  of  certain  general  rela- 
s,  which  are  all  that  I  find  satisfactorily  exhibited 
wrhat  has  as  yet  been  learned  respecting  the  Sun. 
Ve  have  in  the  Sun  a  vast  agglomeration  of  the 
cients  we  are  familiar  with  on  Earth  ;  and  this  vast 
lomeration  is  subject  to  two  giant  influences,  pro- 
ing  in  some  sort  opposing  effects — viz., a  temperature 
surpassing  any  we  can  form  any  conceptions  of, 
a  pressure  (throughout  nearly  the  whole  extent  of 
solar  globe)  which  is  perhaps  even  more  dispro- 
bionatc  to  the  phenomena  of  our  experience.  Each 
wn  element  would  (beyond  all  question)  be 
orised  by  the  solar  temperature  at  known  pres- 
5S ;  each  would  (there  can  be  little  question)  be 
iified  by  the  vast  solar  pressures,  did  these  occur  at 
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known  temperaturea.  Now,  whether  under  these  cir- 
ciimstances  the  laws  of  gaseous  difTusion  prevail  where 
the  elements  are  gaseous  in  the  solur  globe ;  whethtr 
where  liquid  matter  exists  it  is  in  general  bounded  in  a 
deHaite  manner  from  the  neighbouring  gaseous  uiatler; 
whether  any  elements  at  all  are  solid,  and  if  so  under 
what  conditions  their  (lolidity  is  maintained  and  the  limits 
of  the  solid  matter  defined — all  these  questions  ara 
such  as  we  must  answer  before  we  can  form  a  satiafac- 
tflry  view  of  the  solar  constitution ;  and  yet  they  are 
questions  which  we  have  at  present  no  means  of 
answering.  Again,  we  mast  learn  how  far  combustion, 
properly  so  called,  can  take  place  within  the  Sun"' 
mass,  and  whether  those  processes  which  we  recognjie 
as  combustion  are  the  only  processes  of  combuBdun 
whiehcau  actually  takeplace  there,  For  aught  thtttii 
yet  known,  the  intensity  of  the  forces  at  work  upon  and 
within  the  Sun  may  wholly  prevent  the  occurrence  of 
any  processes  of  combustion  familiar  to  ourselves; 
while  oiher  processes  of  true  combustion  altogether 
unthought  of  by  us  may  be  in  continual  action. 

Assuming,  however,  that  some  general  reaemblacce 
exists  between  the  processes  at  work  upon  the  Su" 
and  those  we  are  acquainted  with  (the  wildest  assump' 
tion  possible).  We  may  imagine  that  the  various  elements 
in  the  solar  substance  ordinarily  exist  down  to  certain 
definite  levels  in  the  ga^^eous  form,  at  lower  levels 
(definite  for  each)  in  the  liquid  form,  at  yet  lower  ' 
levels  in  the  solid  form.  That  part  of  each  element 
which  is  gaseous  must  again  be  divided  into  "two  por- 
tions— that  whose  light  is  capable  of  giving  charac-  ■ 
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teristic  spectra  of  lines  or  bands  (these  spectra  being, 
however,  diflferent  for  portions  lying  at  different  depths), 
and  that  lower  portion  whose  light  is  capable  of  giving 
a  continuous  spectrum. 

Now,  here  we  approach  the  great  diflSculty  of  inter- 
preting the  results  of  the  spectroscopic  analysis  of  the 
Sun.     We  have  no  means  of  learning  whence  that 
part  of  the  light  comes  which  gives  the  continuous 
spectrum.     When  we  recognise  certain  dark  lines, 
we   know  certainly  that  the  corresponding  element 
exists  in  the  gaseous  form  at  a  lower  temperature  than 
the  substance  which  gives  the  continuous  spectrum. 
And  so,  also,  we  can  interpret  the  appearance  of  bright 
lines.     They  show  beyond  question  that  the  corre- 
sponding element  exists  in  the  gaseous  form  at  a  higher 
temperature  than  the  substance  which  gives  the  con- 
tinuous spectrum.      But  as  regards  that  continuous 
spectrum  itself  we  can  form  no  such  exact  opinion.    It 
must  be  remembered  that  a  substance  giving  a  con- 
tinuous spectrum  is  not  necessarily  opaque  to  light 
from  a  substance  at  higher  temperature  also  giving 
a  continuous  spectrum.     It  is  capable  of  exercising  a 
general  absorption,  but  not  necessarily  (nor  probably, 
under  such  conditions  as  exist  in  the  Sun)  of  exercis- 
ing an  absorption  at  once  general  and  complete.    Hence 
we  have  no  means  of  determining  how  great  a  depth  of 
the  solar  substance  is  concerned  in  sending  out  the 
light  which  gives  the  continuous  background  of  the 
spectrum.      This  light  may   come  from  the  surface 
layers  only — but  it  may  be  a  shell  whose  thickness 
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forms  no  inconsiderable  aliquot  part  of  the  Sn^' 
diameter.*  And  the  reversal  of  the  lines  of  certain 
elements,  although  it  cannot  take  place  at  such  exce»- 
sive  depths,  may  yet  take  place  very  far  below  tht 
visible  limits  of  the  photospliere.  For,  as  I  Wl 
already  shown,  a  depth  of  a  few  hundred  milea  wouli 
be  wholly  inappreciable  in  the  most  powerful  t«leBoope 
(spectroscopically  armed),  and  so  no  i>eculiarities  wottld 
be  recognised  as  the  result  of  processes  taking  plaM 
within  such  distances  of  the  solar  surface,  howevM 
diligently  the  edge  of  the  solar  disc  might  be  exajnined 
with  the  spectroscope.  And,  further,  as  respects  the 
examination  of  the  Sun's  edge,  on  which  so  much  atreif 
has  been  laid,  it  is  far  from  unlikely — if,  indeed,  it  i« 
not  to  be  regarded  as  certain — that  the  visible  edge  of 
the  solar  disc  lies  considerably  above  the  true  limit  of 
the  photosphere.  That  light  at  the  Sun's  edge  which 
seems  to  belong  to  the  heoiisphere  of  photcspherie 
matter  turned  towards  us  comes  probably  from  put* 
of  the  photosphere  which  lie  really  beyond  the  borden 
of  that  hemisphere,  and  are  simply  brought  into  wew 
through  the  refractive  power  of  the  lower  layers  of  the 
solar  atmosphere.  I  am  not  here  venturing  a  mere 
opinion  or  conjecture, — though  I  profess  no  cerUial]' 
of  conviction  in  the  matter.     We  have  the  evidence  of 

■  Tbin  is  ID  DO  wnj  DpposAd  la  the  erideiiHs  ndduccd  l<r  Sxt  Jnb 
Ui-aicli«l  from  llie  tippor^nt  unifonnity  of  ligbl  dnrlved  frcim  ■  glnvi^ 
anil  IranBpnTent  liquid  not  uaiforraly  deep ;  for  tier}  patt  pf  mAi 
liquid  (itt  l«Mt  is  Sir  John  Uentcbft's  ««pDriin«Dt)  is  at  ipl^ 
lempemturo.  If  the  lowsr  Inyers  ojuld  he  iieoted  t^j 
lae.  llie  efflvt  of  (loplh  would  brcomc  uppurent. 
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facts — observed  by  Carrington,  Secchi,  and  others — 
showing  that  the  motions  of  the  spots  across  the  solar 
disc  are  really  affected^  as  respects  apparent  ratCy  by 
the  refractive  power  of  the  solar  atmosphere.  And  it  is 
impossible  to  doubt  that  if  the  apparent  place  of  a  spot 
can  be  affected  in  this  way^  then  the  solar  regions 
beyond  that  hemisphere  which  is  turned  towards  us  at 
the  moment,  must  be  brought  into  view  and  form  the 
real  limits  of  the  solar  disc* 

I  am  sensible  that  I  am  not  making  definite  state- 
ments as  to  the  Sun's  condition,  but  only  stating  diffi- 
culties. The  difficulties  are  real,  however,  not  imagi- 
nary, and  ignoring  them  can  serve  no  useful  purpose. 

When  we  turn  to  the  details  of  the  solar  orb 
and  its  surroundings,  we  find  the  evidence  slightly 
more  definite ;  but  still  great  difficulties  surround  us. 
In  the  course  of  the  several  chapters  bearing  on  these 
matters  nearly  all  the  known  facts  which  bear  directly  on 
the  views  we  are  to  form  respecting  the  Sun's  physical 
constitution  have  been  discussed  as  they  have  been 
described,  so  that  but  few  words  about  the  several  solar 
features  are  here  called  for. 

Taking  the  actual  telescopic  aspect  of  the  solar  spots 

*  This  reaUy  amounts  to  saying  that  the  Earth,  if  viewed  from  the 
solar  photosphere,  would  be  visible  above  the  solar  horizon  (as  our 
Sun  is  after  real  sunset  and  before  real  sunrise)  when  the  geometrical 
line  to  her  passed  below  that  horizon.  We  cannot  doubt  that  the  solar 
atmosphere  would  exert  this  refractive  effect  at  least  as  powerfully 
as  our  own  ;  and  if  the  Earth  could  be  seen  in  this  way  from  parts  of 
the  Sun  reaUy  turned  away  from  her,  then  certainly  those  parts  of  the 
Sun  must  be  visible  £rom  the  Earth ;  for  a  visual  ray  passes  along  the 
same  path  from  whichever  of  its  extremities  we  suppose  it  to  travel* 


and  their  aurroundingB,  a  perpiesmg  series  oTpr* 
is  suggested.  These  jiroblema  are  indeed  so  ppqiltsini 
ns  abundantly  to  justify  the  disagreement  hitliert" 
found  anioDg  theorisers.  Admitting  the  spoR  tu  I* 
depressioDS,  what  is  the  real  dispoeitiiiii  of  tlie  mittw 
wliich  produces  the  appeai-ances  we  call  faculs — yaam- 
bra — umbra — -nucleua?  The  penumbra  may  belmij; 
tp  a  lower  layer;  but  the  general  arrangement  iicooril- 
ing  to  which  the  willow-leaves  on  the  penumbra  poini 
inwai'da  towards  the  umbra  seems  to  indicate  a  re>l 
connection  between  tlie  penumbra  and  tlie  faculoU 
bordering.  This  arrangement  is  indeed  Bometimee » 
marked  that  one  is  led  to  imagine  that  the  so-called 
willow-leaves  are  filamentous  bodies  which  usoally 
hang  in  a  nearly  vertical  position  and  so  appear  nearly 
round,  but  when  thrust  aside  during  the  formatiimff 
a  spot  hang  nearly  horizontally,  the  ends  which  W 
been  lowest  floating  like  streamers  towards  the  regiwi 
whence  they  had  been  removed.  If  we  could  hut  cob- 
ceal  from  ourselves  a  large  portion  of  the  evidence  we 
have  (or  else  ex])lain  it  away)  this  view  might  He 
insisted  upon  with  pleasing  confidence ;  but  as  a  matwr 
of  fact  it  merely  serves  to  indicate  the  impressioo 
produced  by  certain  phenomena,  and  has  at  preaen' 
no  value  whatever.* 

A  great  difficulty  lies  in  the  fact  that  we  have  no 

'  Lest  I  should  bete  be  supposed  to  be  too  cunJj  criticising  tlw  tin 
of  otltcra,  let  roi^  hnst«n  to  my  Ibnt  tlie  taairf  lllus  samniBriljr  niJKM ' 
my  own.  and.  to  tut  (is  I  know,  hs  ari^cal  na  it  is  jmbnbljr  nlaA> 
Vi'i  1  Uiiti' npt  iniUHWed  it  wiitmut »  [mipose.  Thore  «  •!  l«MH 
ir  la  in  i'lkTuitT  of  man;  llicarin  wfaidt  t^ 
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<*lear  evidence  to  show  whether  the  Sun-spots  are 
formed  by  forces  acting  from  without  or  from  within. 
Here  I  set  on  one  side  the  theory  that  in  a  spot  we  see 
a  region  where  a  great  heat  has  dissolved  solid  or 
liquid  or  cloudlike  matter  forming  the  photosphere,  and 
that  thus  the  intensely  hot,  but  feebly  radiating  gaseous 
nucleus  of  the  Sun  (according  to  this  theory)  is  dis- 
closed. Kirchhoff  has  fairly  disposed  of  this  theory 
by  showing  that  this  intensely  hot  nucleus  would  be 
transparent  to  the  light  from  the  farther  side  of  the 
Sun,  and  that  therefore  no  spot  could  appear  un- 
less two  openings  on  opposite  sides  of  the  Sun 
happened  to  be  in  the  same  visual  direction.*  I 
refer  now,  not  to  this  or  similar  theories,  but  to  the 
definite  problem,  whether  the  seat  of  that  action  which 
leads  to  the  formation  of  a  spot  lies  below  or  above 
the  level  of  the  photosphere.  The  spectroscope  shows 
that  a  spot  is  a  region  where  certain  gases  exist  at  a 
lower  temperature  than  in  other  parts  of  the  Sun. 
But  whether  this  low  temperature  results  from  the 
expansion  of  compressed  gas  erupted  from  the  Sun,  or 
from  the  fact  that  matter  has  reached  the  Sun  from 
outer  space,  remains  as  yet  altogether  unknown. 

*  Fp.  Secchi  was  the  original  propounder  of  this  theory  (not  M. 
Faye,  to  whom  it  is  usually  ascribed).  The  theory  really  does  account 
for  many  observed  features  of  the  solar  spots,  but  it  is  none  the  less 
untenable.  Fr.  Secchi's  answer  to  KirchhofTs  objection  would  seem  to 
indicate  that  he  has  not  recognised  the  exact  force  of  that  objection.  He 
says  it  is  not  true  that  a  gaseous  nucleus  would  be  perfectly  transpa- 
rent to  rays  from  the  further  side  of  the  Sun,  for  we  see  that  our  own 
atmosphere  absorbs  light  as  well  as  heat.  KirchhofTs  argument  is  that 
the  solar  nucleus  would  be  transparent  on  account  of  its  existing  at  a 
higher  temperature  than  the  photosphere — according  to  the  theory  at 
^^ast  which  he  deals  with. 
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Again,  as  to  the  prominences,  it  seems  to  be  (letni>nl 
strated  that  they  are  due  to  some  form  of  eni[ii 
and  only  assume  the  cloud  form  after  the  eruptmi 
which  gave  them  birth  has  ceased.  But  what  arc  the| 
circumstances  which  give  birth  to  these  eruption 
what  the  nature  of  the  layer  {Ziillner's  '  Trennun};;- 1 
schicht ')  beneath  which  the  i^ruptive  action  is  prepare<l.  1 
and  what  the  actual  depth  whence  the  erupted  matter  ' 
springs,  we  have  very  little  to  show. 

And  lastly,  as  to  the  corona  and  the  general  rela- 
tions involved  in  the  access  of  external  matter  from 
the  interplanetary  and  intersidereal  spaces  to  the 
neighbourhood  of  the  Sun's  globe,  we  have,  I  appre- 
hend, small  means  of  forming  an  opinion.  The  con- 
dition, indeed,  of  the  space  which  lies  immediately 
around  the  Sun  is  very  little  understood  by  us.  It 
may  be  that  in  the  study  of  the  corona  during  total 
eclipses  we  may  find  a  means  of  answering  the  many 
perplexing  questions  associated  with  this  matter.  It 
may  even  be  that  new  appliances  may  enable  us  to 
study  the  corona  when  the  Hun  is  not  eclipsed,  and  so 
to  learn  whether  systematic  processes  affecting  the 
Sun's  economy  are  at  work  in  the  region  immediately 
surrounding  him.  At  present  our  information  on  this 
subject  is  meagre  in  the  extreme ;  and  our  means  for 
acquiring  information  are  far  from  promising.  Here, 
as  in  so  many  matters  related  to  the  physical  constitu- 
tion of  the  Sun,  we  must  perforce  wait  until  our 
experimental  knowledge  and  our  instrumental  means 
have  been  very  largely  increased. 
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THE  SUN   OUR  FIRE,  LIGHT,  AND  LIFE, 

Few  of  the  results  of  modem  scientific  research  are 
more  remarkable  than  the  recognition  of  the  real  ex- 
tent of  the  influence  which  the  Sun  exerts  upon  the 
Earth.  Of  old  the  Sun's  power  as  ruler  over  the  sea- 
sons^ his  action  upon  vegetation,  and  other  like  in- 
fluences, were  recognised  in  a  vague  and  general  way. 
But  men  were  far  from  regarding  the  Sun  as  the  true 
source  of  many  forms  of  force  which  seem  almost 
equally  important.  Still  less  were  they  prepared  to 
trace  his  influence  in  nearly  every  kind  of  action  or 
mode  of  motion  taking  place  upon  our  globe.  It  is 
the  most  striking  feature  of  recent  scientific  research 
that  it  has  taught  us  to  see  in  nearly  all  terrestrial 
phenomena  the  action  of  a  certain  proportion  of  Sun- 
force. 

We  owe  to  the  greatest  astronomer  of  our  time — 
Sir  John  Herschel — the  first  definite  enunciation  of 
this  great  principle.  '  The  Sun's  rays,'  he  wrote  in 
1833, '  are  the  ultimate  source  of  almost  every  motion 
which  takes  place  on  the  surface  of  the  Earth.  By  its 
heat  are  produced  all  winds,  and  those  disturbances  in 
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the  electric  equilibrium  of  the  aDuoepbere  whidi  p,n 
rise  to  tiie  phennmena  of  lightniog,  and  {wobablt  tleo 
to  terrestrial  action  and  tlie  aarora.  Bj  their  riri^r- 
ing  action  vegetables  are  enabled  to  draw  support  ban 
inorganic  matter,  and  become  in  their  turn  the  snppott 
of  animals  and  man,  and  the  source  of  those  grait 
deposits  of  dynamical  efBciency  which  are  UmI  np  fin 
human  use  in  our  coal  strata.  By  them  the  waters 
of  the  Bea  are  made  to  circulate  in  vapour  through 
the  air,  and  irrigate  the  land,  producing  springs  and 
rivers.  By  them  are  produced  all  disttu'bances  of  the 
chemical  equilibrium  of  the  elements  of  nattire,  which 
by  a  series  of  compositions  and  decompositioDS  give 
rise  to  new  products,  and  originate  a  transfer  of  mate- 
rials. Even  the  slow  degradation  of  the  solid  consti- 
tuents of  the  surface,  in  which  its  chief  geological 
change  consists,  is  almost  entirely  due— on  the  one 
hand  to  the  abrasion  of  wind  or  raiu  and  the  alternation 
of  heat  and  frost,  on  the  other  to  the  continual  beating 
of  sea-waves  agitated  by  winds,  the  result*  of  solar 
radiation.  Tidal  action  (itself  partly  due  to  the  Sun'e 
agency)  exercises  here  a  comparatively  slight  influence. 
The  effect  of  oceanic  currents  (mainly  originating  in 
that  influence),  though  slight  in  abrasion,  is  powerful 
in  diffusing  and  transporting  the  matter  abraded ;  and 
when  we  consider  the  immense  transfer  of  matter  8o 
produced,  the  increase  of  pressure  over  large  spaces  in 
the  bed  of  the  ocean,  and  diminution  over  correspond- 
ing portions  of  the  land,  we  are  not  at  a  loss  to  percnre 
how   the    elastic    force   of   subterranean    fires,    tfans 
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repressed  on  the  one  hand  and  released  on  the  other, 
may  break  forth  in  points  where  the  resistance  is  barely 
adequate  to  their  retention,  and  thus  bring  the  phe- 
nomena of  even  volcanic  activity  under  the  general 
law  of  solar  influence.' 

Since  this  was  written  men  of  science  have  learned 
to  enounce  the  complete  law  of  the  *  conservation  of 
solar  energy,'  as  applied  to  the  organic  and  inorganic 
world.  That  which  was  put  forward  in  a  general  way 
by  Sir  John  Herschel  has  been  made  the  subject  of 
special  scrutiny.  We  have  learned  how  to  weigh  and 
measure  the  Sun's  action  and  the  force-supplies  which 
we  derive  from  it. 

Let  us  take  first  the  supply  of  heat  the  Earth  derives 
from  the  Sun.  We  shall  have  much  to  excite  our 
wonder,  whether  we  regard  the  real  vastness  or  the 
relative  minuteness  of  this  supply. 

From  the  researches  of  Sir  John  Herschel  it  appears 
that  the  direct  heat  of  the  Sun,  if  ^  received  on  a  surface 
capable  of  absorbing  it  and  retaining  it,  would  suflice 
to  melt  an  inch  of  ice  in  thickness  in  2h.  13m. ; '  and 
he  thence  calculates  that  no  less  than  26,000  tons  of 
ice  would  be  melted  per  hour  by  the  heat  actually 
thrown  on  a  square  mile  exposed  at  noon  under  the 
equator.  This  amount  must  be  multiplied  fifty  million 
times  to  correspond  to  the  heat  actually  received  by 
the  Earth's  globe  during  a  single  hour.  Pouillet  ob- 
tained results  not  differing  very  greatly  from  these. 
He  calculated  that  an  interval  somewhat  greater  than 
2h.    13m.   would  be    required    to  melt  a  layer  of 


396  THE  SVX. 

ice  one  inch  tliicit,*  Expressing  hia  result  according 
to  a  somewhat  different  metliod,  he  states,  again,  that 
if  the  Sun's  heat  were  distributed  uniformly  over  the 
Earth's  Burface '  it  would  in  one  year  suffice  toli.]uef)i 
layer  of  ice  100  feet  thick,  or  to  heat  an  ocean  of  fresh 
water  sixty-six  miles  deep  from  the  temperature  of 
melting  ice  to  the  boiling  point.' 

Yet  this  enormous  annual  supply  of  heat  is  but  the 
l-2,138,0OO,000tht  part  of  that  which  the  Sun  actually 
radiates  into  space  in  the  course  of  a  year.  All  the 
planets  of  the  solar  system  are  able  to  intercept  but 
about  the  227-miliionth  part  of  the  heat  actually  emitted 
by  the  Sun.  There  is  a  fine  passage  in  Ilerschel's '  Out- 
lines of  Astronomy '  which  shows  how  enormous  is  the 
amount  of  heat  deduced  by  increasing  in  the  ratio  above 
indicated  the  supply  of  heat  actually  received  from  the 
Sun  by  the  Earth : — '  Supposing  a  cylinder  of  ice  forty- 
five  miles  in  diameter  to  be  continually  darted  into  the 
Sun  icitk  the  vehciti/  of  liifht,  the  heat  now  given  off 
constantly  by  radiation  would  then  be  wholly  expended 

■  The  actual  rfllntion  Wtwi'eD  Fouillet'e  anil  Eersi'liel's  rssolu  nuif 
he  tliua  eipreHsed.  Sir  John  HenFbel  deitaced  43'39  tevt  at  the  tbick- 
ncsB  of  ii:e  whifb  the  Sun  is  capable  of  mcttiog  per  minute,  euppuBiog 
Ihe  ic«  couliDuully  applied  to  the  Sun's  Burface  (and  (be  waWi'  pru- 
dueedbyiU  fuiiioDCODtiniuilJjcarriedoff),  Fouillet deduced  38-7  Iwt  per 
second.  Sir  John  Herechel  saja  that  40  feet  may  be  regarded  as  «  pto- 
bnhlc  menu.  (U  will  bo  noticed  that,  «ith  cbamcterietii;  modesty  and 
generosilj,  he  plnce*  (be  mean  mnch  Dearer  to  Pouillet'a  Talne  thnft  to"" 
hl<i  own.) 

t  ItiBBia^lBrfaowpeniBt<intl;tbeDDmber3,300,OUn,000.  calculfttetl 
by  Hayer,  mainlaine  ill  ground  in  Bciontiflc  treattBea.  Thia  numtnr 
was  correctly  dedneed  hoot  the  old  value  of  tba  Stui'e  diBtance.  But 
the  above  ii  tbo  true  rnlue,  according  to  the  beU  modern  retimotcv  uf 
the  loUr  pmllai. 
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in  its  liquefaction  on  the  one  hand,  while  on  the  other 
the  actual  temperature  at  the  Sun's  surface  would 
undergo  no  diminution.' 

The  luminosity  of  the  Sun's  surface  is  more  readily 
estimated  than  the  heat,  since  the  intrinsic  brilliancy  of 
a  self-luminous  substance  is   in   no  way  affected  by 
distance ;  and  we  have  only  to  take  into  account  the 
effect  which  our  own  atmosphere  may  have  in  diminish- 
ing the  apparent  brightness  of  the  Sun  in  order  to  form 
an  accurate  estimate  of  the  intrinsic  brilliancy  of  the 
Sun's  light.   Comparisons  have  been  instituted  directly 
between   the  light  of  the   Sun  and  that  of  known 
terrestrial  lights.     It  has  been  found  that  the  most 
intense  light  we  can  produce  appears  absolutely  black 
by  comparison  with  the  brightness  of  the  solar  orb. 
It  has  been  estimated  that  the  intrinsic  brilliancy  of  the 
Sun's  surface  exceeds  more  than  146  times  the  bril- 
liancy of  the  lime-light,  and  32,700  times  that  of  a  sperm 
candle.     In    order  to   conceive   the  real   amount  of 
light  to  which  a  body  close  by  the  Sun — within  a  foot, 
say,  of  the  photosphere — would  be  exposed,  we  must 
conceive  the  amount  of  light  we  receive  in  the  full 
splendour  of  a  summer's  day  increased  in  the  same 
proportion  that  the  whole  hemisphere  of  sky  exceeds  the 
solar  disc, — besides,  of  course,  a  further  addition  corre- 
sponding to  the  proportion  in  which  the  brilliancy  of 
the  solar  disc,  if  viewed  without  the  interposition  of 
any  atmosphere,  would  exceed  the  actual  brilliancy 
observed  on  a  summer  day. 

Of  the  chemical  activity  of  the  solar  rays,  it  is  not  in 


our  power  to  speak  with  so  much  confideuce,  since  m 
have  not  as  yet  measured  the  Suu's  power  in  this  respect 
in  a  way  which  enables  us  to  pronounce  on  it*  ml 
extent.  We  can  compare  the  intensity  of  the  Sun'i 
chemical  action  with  that  of  terrestrial  lights ;  but  ve 
have  nut  yet  found  a  means  nf  determining  ite  value 
as  compared  with  those  forces  which  the  chemist  more 
ordinarily  employs  to  produce  chemicAl  changes. 

It  is  worthy  of  notice,  as  respects  the  last  two  fonns 
of  solar  activity,  how  large  a  share  of  the  force  we 
derive  from  the  Sun  is  ubuuned  through  their  action. 
This  will  be  apparent  when  we  remember  the  impor- 
tant bearing  of  the  processes  of  vegetation  on  the 
wants  of  the  human  race.  '  Xature,'  says  Mayer, 
*  has  proposed  to  herself  tlie  task  of  storing  up  the 
light  which  streams  earthward  from  the  Sun — of  con- 
verting the  most  volatile  of  all  powers  into  a  rigid 
form,  and  thus  preserving  it  for  her  purposes.  To  this 
end  she  has  overspread  the  Earth  with  organisms, 
which,  living,  take  into  them  the  solar  light,  and  by 
the  consumption  of  its  energy  incessantly  generate  | 
chemical  forces.  These  organisms  are  plants.  The 
vegetable  world  constitutes  the  reservoir  in  which  the 
fugitive  solar  rays  are  fixed,  suitably  deposited,  and 
rendered  ready  for  useful  applicatiun.  With  this 
process  the  existence  of  the  human  race  is  inseparabiy 
connected. 

And  even  if  we  regard  the  effect  of  the  Sun's  heat  as 
exerted  upon  the  oceans  and  continents  of  our  globe,  we 
find  that  a  large  proportion  of  that  which  is  eventually 
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utilised  by  man^  in  one  way  or  another,  is  first  made 
subservient  to  the  processes  of  vegetation.  When  the 
Sun's  rays  are  poured  down  upon  the  ocean,  or  on 
parts  of  the  Earth's  surface  in  which  water  is  abundant, 
the  heat  raises  into  the  atmosphere  large  quantities  of 
aqueous  vapour.  And  this  vapour,  rising  by  reason 
of  its  extreme  lightness,  reaches  eventually  a  region 
where  it  is  condensed  into  clouds.  Again,  the  heat  of 
the  Sun  producing  various  effects,  according  to  the 
nature  of  the  regions  on  which  it  falls,  gives  rise  to 
those  differences  of  temperature  which  result  in  the 
generation  of  winds.  By  the  agency  of  winds  the  clouds 
are  transferred  from  the  place  of  their  formation  to 
regions  which  require  to  be  nourished  by  copious 
showers.  And  thus  winds  and  clouds  combine  to  support 
vegetation.  The  winds  convey  the  clouds  from  place 
to  place,  and  the  clouds  themselves,  in  the  expressive 
language  of  Scripture,  *  drop  fatness  on  the  earth.' 

It  is  worthy  of  notice,  too,  that  besides  the  action 
of  the  Sun  in  supporting  vegetation  at  the  present 
time,  it  was  the  same  form  of  action  exerted  in  long- 
past  ages  which  resulted  in  storing  up  for  our  use 
those  vast  supplies  of  energy  which  are  contained 
within  our  coal-mines.  In  other  words,  what  may  be 
called  our  force-principal  is  as  fully  due  to  the  Sun's 
action  (direct  or  indirect)  in  promoting  vegetation  as 
that  force-interest  which  we  derive  each  year  from  the 
Sun's  seasonal  action. 

And  here  I  may  be  permitted  to  dwell  on  consider- 
ations which,  though  bearing  rather  on  the  economy 
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of  our  Eartli  than  on  the  general  subject  of  solir 
physics,  yet  illustrate  in  a  significant  manner  the  wort 
which  the  Sun  has  been  appointed  to  do.  I  miiy 
premise,  indeed,  that  we  have  no  means  of  detennining 
what  the  Sun's  influence  on  the  other  planets  may  be, 
however  clear  it  may  appear  to  us  that  we  are  not  the 
only,  nor  even  the  chief,  recipients  of  those  stores  of 
force  he  lavishes  so  abundantly.  It  is  on  this  account 
that  while  I  give  to  this  treatise  a  title  indicating  tbe 
Sun's  position  in  the  solar  system,  I  deal  only  in  thii 
chapter — the  sole  one  bearing  on  the  Sun's  office— 
with  his  position  as  our  fire,  light,  and  life.  If  in  the 
considerations  I  am  about  to  urge  the  Earth  only 
seems  concei-ned,  it  is  none  the  less  probable  that 
results  affecting  the  economy  of  the  whole  planetarj 
scheme  are  in  truth  illustrated. 

We  are  accustomed  to  look  upon  the  Eartii  ae  an 
inexhaustible  storehouse  whence  all  our  wants  may  he 
supplied.  Year  after  year  we  till  the  soil,  and  still 
there  is  no  lack  in  the  growth  of  all  the  vegetable  pro- 
ductions needed  by  man  ;  nor  do  our  flocks  and  herds 
diminish,  notwithstanding  the  enormous  supplies  of 
flesh-meat  wc  are  continually  consuming.  Taking  the 
whole  Earth,  it  is  probable  that  the  yearly  produce  of 
agricultural  and  pastoral  labours  increaaes  at  even  a 
higher  rate  than  that  at  which  the  human  race  is  in- 
creasing, so  that  were  man  content,  as  in  old  times,  to 
draw  ujjon  the  Eartli's  stores  for  the  supply  of  hia 
ordinary  wants,  there  would  be  little  fear  of  that  store 
being  ever  exhausted. 
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But  of  late  a  change  has  passed  over  the  aspect  of 
the  world.  On  every  side  a  multitude  of  new  inven- 
tions, and  with  them  a  multitude  of  new  wants,  are 
making  their  appearance.  The  stores  which  had  been 
^mered  up  during  long  past  ages  of  the  Earth's 
bistory  are  being  consumed  with  a  rapidity  which  has 
already  begun  to  alarm  our  men  of  science.  It  is  true, 
indeed,  that  there  is  as  yet  little  room  for  fearing  that 
the  terrestial  storehouse  will  soon  be  cleared  of  its 
contents.  Even  if  the  coal-mines  of  the  world  should 
be  exhausted,  there  are  still  other  force  supplies ;  and 
doubtless  the  present  rate  of  consumption  might  be 
continued,  or  even  an  increased  rate  maintained,  for  a 
period  which  seems  indefinitely  long  when  compared 
with  the  short  span  of  life  allotted  to  man. 

But,  after  all,  what  are  a  thousand  years,  or  even 
several  thousand  years,  when  viewed  with  reference  to 
the  history  of  the  globe  on  which  we  live  ?  If  it  could 
be  shown  that  within  two  or  three  thousand  years  man 
will  have  exhausted  all  the  stores  of  force  which 
exist  within  the  Earth,  it  surely  might  be  urged  with 
fairness  that  the  present  rate  of  consumption  is  unduly 
— selfishly  great ;  that  the  wants  of  future  races  should 
be  considered,  and  that  a  check  should  be  put  upon 
those  processes  of  over-rapid  advance  on  which  we  are  in 
the  habit  of  priding  ourselves.  Precisely  as  we  should 
hold  it  to  be  blameworthy  that  a  rich  man  should 
use,  merely  for  purposes  of  luxury  or  convenience, 
that  which  could  be  shown  to  be  absolutely  essential  to 
the  existence  of  a  large  number  of  his  fellow-men,  so 
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it  might  fairly  be  held  to  be  wroug  for  the  present  in- 
habitants of  the  Karth  to  exhaust,  in  contrivuncet 
intended  tu  add  to  tlie  luxuries  or  conveniences  of  life, 
those  stores  which  are  absolutely  necesaary  to  the  wdl- 
being  of  future  races. 

In  dealing,  for  example,  with  the  question  of  terres- 
trial coal  supplies,  it  will  not  suHice  to  point  out  that 
for  a  thousand  or  several  thousand  years  they  may  be 
drawn  upon  as  at  present,  or  even  more  largely,  witli- 
out  exhaustion.     The  thousand  or  thousands  of  jeUB 
will  pass  as  surely  as  those  which  have  already  passed, 
and  t!ie  wants  entailed  by  our  wasftfulncsa  will  be  felt 
none  th^   less,  that  for  bd  many  years  there  had  been 
no  failure  in  the   supplies  contained  within  the  gre«t 
terrestrial  storehouse.     AVhat  must  be  dune,  then,  it 
to  show  that  by  the  progress  of  that  very  course  dS 
events  which  results  in  the  rapid  use  of  those  stores,  the 
means  will  spring  into  existence  of  obtaining  freab  and 
inexhaustible  supplies.    This  is  no  idly  speculative  view, 
but  the  plain  and  obvious  duty  of  the  scientific  world. 
Precisely  as  the  superiority  of  civilised  races  over  bar- 
barous tribes  is  shown  in  nothing  more  clearly  than  in 
the  fact  that  the  former  are  not  content,  as  the  latter  are, 
merely  to  supply  the  wants  of  the  moment,  or  of  a  few 
days,  but  seek  to  make  provision,  not  only  for  future 
years,  but  for  the  wants  of  their  immediate  descendants, 
BO  it  behoves  the  leaders  of  the  great  movement  which 
during  the  last  few  years  has  so  greatly  changed  thg 
aspect  of  the  human  race,  to  show  the  superiority  of 
the  new  order  of  things  by  a  careful  provision  for,  and 
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anticipation  of,  the  wants  of  the  races  which  will  in- 
habit the  Earth  thousands  of  years  hence. 

Without  discussing  the  various  forms  of  work  which 
are   being  done  upon  the  Earth,  or  considering  the 
various   agents   employed  in   producing    the   motive 
power  by  which  those  forms  of  work  are  set  in  action, 
it  may  be  simply  stated  that  at  present  nearly  all  our 
motive  force  is  obtained  from  stored  Sun- force.     It 
would  be  difficult  to  point  to  a  single  work  accom- 
plished by   the   aid   of  modem   scientific   appliances 
which  has  not  resulted   in  exhausting  to   a  greater 
or  less  degree  the  force  which  the  Earth  has  been 
garnering  up  in  long-past  ages  for  our  use.     It  is  in 
this  all-important  respect  that  the  more  modern  forms 
of  machine-work  differ  from  other  forms  of  work.     I 
refer,  of   course,   to   machines   driven   by   inanimate 
motive  powers,  and  not  to  those  worked  by  the  direct 
action  of  animal  force.     The  machine  draws  upon  the 
Earth's  garnered    stores,*    while   the   living   worker 
draws  upon  the  Earth's  periodical  supplies  of  force. 
In  the  former  case,  that  is  being  used  up  which  cannot 
be  replaced ;  in  the  latter,  what  is  consumed  will  be 
restored  in  the  ordinary  course  of  nature.     In  one 
case  it  is  our  ^  force-principal,'  in  the  other  it  is  our 
*  force-income '  we   are  consuming.     The   distinction 
is  all-important. 


*  Those  appliances  in  which  advantage  is  taken  of  the  action  of  the 
wind,  rainfall  (riven),  tidal  action,  and  a  few  other  natural  processes, 
are  to  be  excepted.  Modem  invention,  however,  is  bnt  seldom  directed 
to  the  utilisation  of  these  old-fashioned  foroe-suppliet. 
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Tlii»  is  not  the  place  to  enter  into  a  dbcuuiuDBf 
the  methwis  by  which  the  great  jirohlem— a  proUai 
not  requiring  immediate  solution,  bat  which  in  iJie 
long  run  will  surpass  all  others  in  uitcrMt  and  impo^ 
tance — is  to  be  solved.  But  I  may  indic.ite  what  ii, 
I  take  it,  the  direction  iu  which  a  solution  will  Ik 
found.  We  are  now  utilising  what  Professor  Tynddl 
calls  the  Sun  of  the  Carboniferous  Epoch:  osr 
descendants  will  have  to  emjiloy  the  Sun  of  their 
epoch.  The  heat  of  the  solar  rays — mayliap  also  thar 
light  and  their  actiDic  energy — must  one  day  ^ 
applied  to  work  our  machinery.  Already  wen  have IVIl 
the  advantage  of  thus  employing  solar  energy.  Tbq' 
have  not,  indeed,  as  yet  applied  the  direct  actios  ef 
the  Sun  systematically  to  their  purposes.*  But  in 
indirect  mauuer  they  have  utilised  solar  energy.  Tlie 
ships  which  smi  upon  our  seas,  the  mills  which  ut 
turned  by  water  or  by  wind — these  and  many  othtt 
devices  of  man  have  been  contrived  to  utilise  a  portiOQ 
of  the  Sun's  heaL  liut  the  proportion  thus  utilised  i> 
almost  indefinitely  small  by  comparison  with  that 
which  is  actually  available.  It  is  only  nectMsory  to 
translate  some  of  the  ordinary  phenomena  of  nature 
iutti  the  language  of  the  familiar  forces  in  order  to  see 
that  this  is  bo.  For  instance,  the  amount  of  energy 
involved  iu  the  production  of  rain  is  startlingly  great 

■  EriciieoD  hni  conatriicled  n  mndiine  in  whieh  tKn  Bolnr  rttjt  nppl; 
Die  primary  molive  foi™.  It  hue  not,  howover,  yet  b  ' 
{ibongli  1  have  Qot  tba  lenet  doulit  it  will  IwM  (omsfotiin  i|«(^)lktl 
ihu»iliir  hMt  <iiD  bo cmplojeii  in  niiiafluble — UimliivB  'i  -  " 
mlTonUgea 
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when  compared  with  our  ordinary  estimates  of  force. 
I  have  calculated  that  the  force  expended  in  the  pro- 
duction of  a  day's  steady  rain  over  an  are^  equal  to 
that  of  the  county  of  Middlesex  would  be  equivalent 
to  a  mechanical  power  competent  to  raise  1,000,000,000 
tons  to  a  height  of  three  miles ! 

Professor  Tyndall  has  put  in  a  striking  form  the 
relation  which  exists  between  the  simpler  processes  of 
nature  and  those  effects  which  seem  to  us  the  most  apt 
exponents  of  power.  *  I  have  seen/  he  says,  *  the 
wild  stone-avalanches  of  the  Alps,  which  smoke  and 
thunder  down  the  declivities  with  a  vehemence  almost 
sufficient  to  stun  the  observer.  I  have  also  seen  snow- 
flakes  descending  so  softly  as  not  to  hurt  the  fragile 
spangles  of  which  they  were  composed  ; — yet  to  produce 
from  aqueous  vapour  a  quantity  which  a  child  could 
carry  of  that  tender  material,  demands  an  exertion  of 
energy  competent  to  gather  up  the  shattered  blocks  of 
the  largest  stone-avalanches  I  have  ever  seen,  and 
pitch  them  to  twice  the  height  from  which  they  fell.' 

And  when  we  have  thus  seen  what  a  tremendous 
amount  of  energy  is  involved  in  such  processes  as  the 
formation  of  snow  or  rain  in  comparatively  small 
quantities,  we  begin  to  recognise,  though  we  are  far 
from  being  able  to  conceive,  how  enormous  is  the 
potential  energy  which  supplies  the  rainfall  of  the 
whole  Earth.  We  must  remember,  too,  that  a  large 
amount  of  rain  falls  where  it  is  not  wanted,  and  that 
the  energy  of  the  Sun  expended  in  the  production  of 
wind  is  in  large  part  wasted.     Clouds  are  raised  by 


evaporution  from  the  Gea  surface  to  fall  on  another 
part  of  the  self-same  waters.  Storms  are  roused  whicb 
blow  with  vehemence  for  awhile,  and  then  sink  into 
rest  without  having  accomplished  any  purpose  nece»- 
sary  to  the  wants  of  terrestrial  races.  Here  at  once 
we  see  a  large  amount  of  energy  not  fully  utilised.  I 
do  not  indeed  eay  that  this  apparently  useless  expea& 
tnre  of  force  has  no  purpose  in  the  economy  of  nature. 
Doubtless,  every  nutiiiul  event  has  its  end  and  object 
What  I  would  dwell  upon  is  that  if  the  energy  which 
thus  seems  wasted  could  be  made  available  to  sul^en'^ 
human  wants,  it  might  be  used  without  any  fear  thai 
the  economy  of  nature  would  suifer  from  such  an  ap- 
plication of  her  energies.  And  if  this  is  true  of  the 
application  of  the  indirect  effects  of  solar  energy,  it  is 
d  fortiori  true  of  tlie  utilisation  of  the  Sun's  direct 
action — that  is,  of  those  solar  rays  to  which  the  winds 
and  the  rains  are  due. 

Now,  if  we  assume  that  with  the  progress  of  science 
the  power  of  thus  employing  to  the  full — or  much  more 
fully  than  nt  present— the  forces  which  the  Sun  reflllj 
expends  upon  the  Earth  will  be  acquired  by  man,  wc 
recognise  the  probability  that  science  viewed  generally 
is  one  of  the  means  by  which  the  efficiency  of  the  solar 
energies  is  enlarged  and  extended.  What  Is  true  of 
our  Earth  may  be  regarded  as  in  all  probability  true 
of  other  worlds  than  ours.  As  on  our  Earth  so  pro- 
bably in  other  worlds  there  are  or  have  been  eras 
during  which  the  beneficent  power  given  to  our  great 
himlnary   is   used   without  any   consciousness   of  its 
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value.  There  are  or  have  been  more  advanced  eras 
when  the  return  of  day  and  night,  the  progress  of  the 
seasons,  the  nourishment  of  the  lately  sown  seed  by 
spring  rains,  and  the  whitening  of  the  fields  into  har- 
vest under  the  summer  Sun,  are  watched  with  anxious 
interest.  Then  later  follow  the  eras  when  the  annual 
supply  of  truly  vital  energies  seems  to  become  insuflS- 
cient,  and  when  garnered  stores  of  force  are  utilised  by 
the  thoughtful  or  ransacked  by  the  too  eager.  And, 
lastly,  it  may  well  be  that  in  other  worlds,  as  one  day 
doubtless  on  our  Earth,  there  will  be  eras  when  a 
more  advanced  degree  of  science  will  enable  intelligent 
beings  to  derive  from  direct  solar  action  the  means  of 
obtaining  even  larger  supplies  of  force  than  they  had 
been  able  to  gather  from  the  Sun-work  of  past  epochs 
garnered  by  nature  for  their  benefit. 

The  ideas  of  the  Sun's  true  position  in  the  solar 
system  thus  suggested  lend  an  enhanced  interest  to  the 
question  whence  the  Sun  himself  derives  and  recruits 
his  energies.  As  Tyndall  has  finely  written,  ^  How  is 
the  perennial  loss  made  good  ?  We  are  apt  to  overlook 
the  wonderful  in  the  common.  Possibly  to  many  of  us — 
and  even  to  some  of  the  most  enlightened  among  us — 
the  Sun  appears  as  a  fire,  differing  from  our  terrestrial 
fires  only  in  the  magnitude  and  intensity  of  its  combus- 
tion. '  But  what  is  the  burning  matter  which  can  thus 
maintain  itself?  All  that  we  know  of  cosmical  phe- 
nomena declares  our  brotherhood  with  the  Sun — affirms 
that  the  same  constituents  enter  into  the  composition 
of  his  mass  as  those  already  known  to  chemistry.     But 
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JO  earthly  subatance  with  whidi  we  arc  acqi 
no  gtibstaiice  wliiuli  the  fall  of  meteors  baa 
the  Earth— would  he  at  ull  ciiiii|ict«ut  to 
Sun'a  combustion.       The   chemica!   energy 
subatances  would  be  too  weak,  and  their  d!:<s!pBttoii  lu 
speedy.     Were  the  Sun  a  block  of  buruing  co«I,  anl 
were  it  supplied  with  oxygen  aafficientforlheobaOTwl 
emission,  it  would  be  utterly  cooGumed  in  5,000  ytm. 
On  the  other  hand,  to   imagine  it  a  body  ori^tuUy 
endowed  with  a  store  of  heat—  a  hot  globe  now  eodUng 
— necessitates  the  a3cri{)tioa  to  it  of  qualities  wholly 
different  from  those  possessed  by  terrestrial   matttT' 
If  we  knew  tlie  specific  heat  of  the  Sun*  we  could 
calculate  its  rate  of  cooling.     Atisuoiiug  the  specific 
heat  to  be  the  same  aa   that  of  water — the  terrestri^ 
substance  which  possesses  the  highest  specific  heat- 
then,  at  its  present  rateof  emi8fiion,the  entire  muss  of  the 
Sun  would  cool  down  15,000  degrees  in  o,000  years.  lo 
short,  if  the  Sun  be  formed  of  matter  like  our  own,  some 
means  must  exist  of  restoring  to  it  its  wa^od  power," 

We  hare  not   as  yet   the   means   of  satisfactotily> 
answering  the  question  thus  suggested.     Answets  hate 

*  The  alisnlute  quanlitj  of  tie«t  aeceiuBij  tu  tum  the  aiciagB  MM 
[HTature  of  lbs  Sun  by  btij  given  ttmouui— mj  one  dpgrcr.  Bad  thmi 
fore  the  ebsnlule  qnantrly  of  hmt  wbicli  ronvelwiula  to  the  ]o«  ot  M 
one  dogree  of  IrmpenilurB  from  tho  aieroge  lomptmlure  of  lie  Snn-H 
will  depend  on  the  [rbyeiuil  eonsCitutlon  of  iheSua.  To  say  nvrslj  thm 
iho  Sun's  auljEl&ni'e  aubsisis  st  Hoch  and  euchs  leiopumttirD.  i*  bj  m 
menoB  eofficivnt  in  indic&le  the  amount  of  hrat  irhicb  tbe  ^un  is  mplbll 
of  impartial;.  A  maea  of  iron,  for  example,  nia^bent  a  tpmicnilun  pid 
eiad;  equalling  tbntufun  rqual  maaaof  boiling  mler^  jul  Um  UiQid 
valsr  will  give  out  far  more  beat  rhile  passing  U>  mj  gtna  k 
poraiuce  than  Ibc  h«it«l  iroD  will.  ^ 
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teen  suggested,  but  no  answer  has  yet  seemed  so 
satisfactory  that  men  conid  regard  the  problem  as  dis- 
posed of.  Indeed '  the  facts  are  so  extraordinary/  as 
Tyndall  has  said,  ^  that  the  soberest  hypothesis  must 
appear  wild.'  Whether  we  conceive,  with  Mayer  and 
Thomson,  that  the  Sun's  heat  is  maintained  by  the 
incessant  downfall  of  cosmical  bodies  gathered  out  of 
space  by  the  Sun's  mighty  attractive  energies;  or 
whether  we  follow  Helmholtz  in  supposing  that  the 
gradual  contraction  of  the  solar  orb  is  the  mainspring 
of  the  solar  energies;  or  whether  we  believe,  with  Secchi, 
that  the  dissociation  of  compound  bodies  in  the  Sun's 
Substance  is  a  fund  of  force  to  be  gradually  exhausted 
only  as  the  dissociated  elements  unite  in  chemical  com- 
binations ;  or,  lastly,  whether  we  prefer  the  idea  thrown 
out  by  Sir  John  Herschel  that  mayhap  the  vital 
energies  of  monstrous  creatures — the  willow-leaves  of 
Nasmyth — are  the  true  source  of  the  great  luminary's 
might,  we  have  not  overpassed  by  a  step  the  amazing 
field  of  conjecture  appertaining  to  our  subject.  Startling 
as  these  theories  appear,  they  are  not  a  whit  more  start-- 
ling  than  the  known  facts  which  they  are  intended  to 
interpret. 

I  have  no  wish  to  enter  here  into  a  detailed  con- 
sideration of  any  of  the  theories  above  referred  to; 
but  I  wish  to  make  a  few  remarks  respecting  those  of 
Helmholtz  and  Thomson. 

When  we  consider  the  evidence  forced  upon  us  by 
the  present  condition  of  the  solar  system,  and  by  the 
nature  of  the  observed  motions  taking  place  within  it| 
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we  find  it  difficult  not  to  helieve  that  two  great  pro- 
cesses have  for  uncounted  ages  been  at  work  within  iti 
limits.     On  the  one  hand,  the  evidence  is  very  strong 
in  favour  of  the  view  that  a  process  of  contraction  from 
a  nebulous  condition  has  taken  place  not  only  in  flie 
case  of  the  Sun,  but  in  that  of  the   planet?  and  other 
members  of  the  solar  system.     On  the  other  hand,  the 
evidence  is  absolutely  demonstrative  that  at  the  present 
time  uncounted  millions  of  minute  cosniical  bodies  are 
streaming  in  upon  the   Sun.     We   have,  then,  clear 
evidence  that  at  least  some  portion  of  the  Sun's  energy 
is  derived  in  each  of  the  two  methods  now  dealt  with. 
We  can  hardly  conceive  that  the  process  of  eolar  con- 
traction has  come  to  an  end ;  and  certainly  we  hate 
no  proof  in  the  apparent  constancy  of  the  Sun*8  volume 
that  the  process  has  ceased,  since  Helmholtz  has  shown 
'that  the  shrinking  of  the    Sun's   diameter   by  one- 
10,000th  part  of  its  present  length  would  generate  an 
amount  of  heat  competent  to  cover  the  solar  emission 
for  2,000  years.'     Nor  can  we  question  that  whatem- 
energy  may  correspond    to   the   velocity,   mass,   and 
distance  of  a  meteoric  body  at  any  epoch  must  have 
been  transferred  to  the  Sun  if  at  some  later  epoch  the 
mass  of  the  meteor  has  come  (after  whatever  processes) 
to  form  part  of  the  solar  globe.      Now.  without  com- 
mitting myself  to  the  opinion   that   the  whole   solar 
emission  can  be  accounted  for  by  combining  these  two 
causes,  I  must  yet  express  the  conviction  that  to  forget 
the  reality  of  these  causes,  their  competence  to  account 
for  some  aliquot  portion  (let  its  amount  be  what  it  may) 
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of  the  solar  energies,  would  be  a  mistake.  Nor  can  I 
see  any  valid  reasons  for  asserting  positively  that  the 
two  causes  combined  may  not  account  for  a  very  large 
proportion  of  the  Sun's  activity.  The  irregular  and 
perhaps  intermittent  supply  of  meteoric  matter  affords 
doubtless  but  an  insufficient  explanation  of  the  Sun's 
copious  and  steady  emission  of  heat ;  but  the  process 
of   contraction   would   act   the    combined   part   of  a 

*  governor '  and  an  independent  source  of  heat. 
Checked  during  the  arrival  of  large  meteoric  supplies, 
and  proceeding  more  rapidly  when  those  supplies  were 
temporarily  diminished,  it  would  account  for  that  ob- 
served steadiness  of  emission  which  forms  so  important 
a  characteristic  of  solar  action. 

I  feel  that  I  cannot  bring  this  chapter  more  aptly 
to  a  conclusion  than  by  quoting  that  noble  passage  in 
which  Tyndall  closes  his  discussion  of  the  same 
subject : — ^  Presented   rightly  to  the  mind,'   he  says, 

*  the  discoveries  and  generalisations  of  modern  science 
constitute  a  poem  more  sublime  than  has  ever  yet 
been  addressed  to  the  imagination.  The  natural 
philosopher  of  to-day  may  dwell  amid  conceptions 
which  beggar  those  of  Milton.  So  great  and  grand 
are  they,  that  in  the  contemplation  of  them  a  certain 
force  of  character  is  requisite  to  preserve  us  from 
bewilderment.  Look  at  the  integrated  energies  of  our 
world, — the  stored  power  of  our  coal-fields,  our  winds, 
and  rivers;  our  fleets,  armies,  and  guns.  What  are 
they?  They  are  all  generated  by  a  portion  of  the 
Sun's   energy  which   does  not  amount  to   the   two- 


millionth  of  the  whole.     This  is  the  entire 
the  Sun's  force  intercepted  by  the  Earth,  and  we  eon- 
vert  but  a  Email  fraction  of  this  fraction  into  raechanictl 
energy.     Multiplying  all   our  powers   by  millionB  of 
millions,  we  do  not  reach  the  Sun 'a  expenditure.     And 
still,  notwithstanding  this  enomious  drain  in  the  lapse 
of  human  hbtory,  we  are  unable  to  detect  a  dirainution 
of  his  store.      Measured   by   our   largest   terreatrisl 
standards,  such  a  reservoir  of  pon-er  is  infinite ;  but  it 
is  our  privilege  to  rise  above  these  standards,  and  to 
regard  the  Sun  himself  as  a  speck  in  infinite  extenoofl 
—a  mere  drop  in  the  universal  sea.     We  analyse  the 
space  in  which  he  is  immersed  and  which  is  the  vehicle 
of  his  power.     We  pass  to  other  systems  and  other 
suns,  each  pouring  forth  energy  like  our  own,  but 
still    without  infringement  of  the  law  which    reveaU 
immutability  in  the  midst  of  change,  which  recognises 
incesBant  transference  or  conversion,  but  neither  final 
gain  nor  loss.     The  law  generalises  the  aphorism  of 
Solomon,  that '  there  is  nothing  new  under  the  Sun,'  by 
teaching  us  to  detect  everywhere,  under  its  infinite 
variety  of  appearances,  the  same  primeval  force.     To 
Nature  nothing  can  be  added;  from  Nature  nothing 
can  be  taken  away ;  the  sum  of  her  energies  is  con- 
stant, and  the  utmost  man  can  do  in  the  pursuit  of 
physical    truth,   or  in    the    applications   of    physical 
knowledge,  is  to  shift  the  constituents  of  the  never- 
varying    total.      The    law    of    conservation    rigidly 
excludes  both  creation  and  annihilation.     Waves  may 
change  to  ripples  and    ripples   to  waves — magnitude 
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maj  be  substituted  for  number  and  number  for  mag- 
nitude— asteroids  may  aggregate  to  suns,  suns  may 
resolve  themselves  into  florae  and  faunae,  and  florae  and 
faunae  melt  in  air — the  flux  of  power  is  eternally  the 
same.  It  rolls  in  music  through  the  ages,  and  all  terres- 
trial energy — the  manifestations  of  life,  as  well  as  the 
display  of  phenomena — are  but  modulations  of  its 
rhythm.' 


We  have  hitherto  regarded  the  Sun  with  reference  to 
his  position  in  the  solar  eystem — as  ruler,  fire,  light, 
and  life  of  that  wondei-ful  scheme  whose  real  magm- 
ficence  and  complexity  has  but  recently  begun  to  be 
recognised  by  astronomers.  We  have  now — but  very 
briefly,  for  already  the  space  allotted  to  our  subject 
haa  been  exceeded— to  conaider  him  as  a  member  ot 
the  sidereal  systom.  What  he  ia  to  the  scheme  of  de- 
pendent worlds  we  have  seen ;  it  remains  that  we  should 
endeavour  to  form  some  conception  of  his  position  among 
his  peers.  We  have  to  contemplate  him  ns  a  Sun  ajnong 
many  suns,  exerting  an  influence  indeed  over  his  fellow 
orbs,  but,  swayed  in  like  sort  by  their  attractions,  still 
8urroundcd^aa  when  we  considered  him  with  reference 
to  the  solar  eystem^by  orbs  travelling  with  enormous 
velocity,  but  no  longer  at  rest,  or  almost  at  rest,  amidst 
a  scheme  of  moving  worlds.  We  are  to  see  him  taking 
part  in  a  scheme  of  movement  too  wondrously  com- 
plicated to  be  as  yet  interpreted  by  astronomers. 

We  must  not  pause  here  to  consider  the  processes — 
interesting  though  their   history  may   be — by  which 
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astronomers  have  been  enabled  to  determine  the 
distances  of  certain  stars,  and  so  to  form  a  general 
estimate  of  the  scale  on  which  the  sidereal  system  is 
constructed.  Let  it  suffice  to  mention  that  the  funda- 
mental fact  on  which  our  estimate  of  the  distances  of 
the  fixed  stars  from  us  and  from  each  other  has  been 
based,  is  the  circumstance  that  while  our  Earth  sweeps 
round  the  Sun  on  an  orbit  more  than  180,000,000 
miles  in  diameter,  the  stars  remain  all  but  unchanged 
in  their  apparent  position,  all  the  powers  of  our  modern 
instruments  only  revealing  in  a  very  few  instances  the 
minutest  conceivable  displacement.  Setting  this  fact 
clearly  before  us,  the  grandeur  of  the  sidereal  system 
becomes  more  real  and  present  to  our  minds.  From 
the  nearest  fixed  star,  the  vast  orbit  of  our  Earth  is 
reduced  to  little  more  than  a  point, — to  a  circle  so 
minute  that  2,000  such  circles  could  be  placed  side  by 
side  along  the  apparent  diameter  of  the  Sun  or  Moon. 
But  the  great  majority  of  the  stars  lie  at  distances  far 
vaster:  so  vast  indeed,  that  the  Earth's  orbit  is  reduced 
to  a  mere  point  as  viewed  from  beyond  the  vast 
abysms  which  separate  us  from  those  orbs.  Nor  is  it 
likely  that  in  general,  the  distance  of  star  from  star, 
of  any  star  in  the  heavens,  for  instance,  from  the 
nearest  of  its  neighbours,  falls  short  of  the  distance  by 
which  our  Sun  is  separated  from  the  nearest  of  his 
fellow  orbs. 

We  are  thus  brought  face  to  face  with  a  problem 
full  of  interest  but  enormously  difficult — a  problem 
which  belongs  perhaps  rather  to  the  astronomy  of  the 
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future  than  to  that  of  nur  (lay.  How  aie 
(Jetcrminc  the  figure  And  dimcnskme  of  the  sid«reil 
system,  to  understand  its  structure  and  complexities 
to  trace  out  the  motions  taking  place  within  its  limiti, 
when  as  yet  they  seem  to  have  scarce  any  roewiB  of 
even  attempting  to  solve  these  problems?  YethO'S 
unless  I  mistake,  is  a  work  from  which  future  aetnH» 
mers  will  not  shrink,  a  problem  whose  solution  (for it 
will  be  solved)  cannot  but  reveal  results  altt^ther 
surpassing  in  interest  any  which  astronomera  have  yet 
obtained.  It  is  true  that  if  we  consider  the  means  w* 
have  for  attacking  this  noble  problem,  they  eetm 
ineffective  indeed;  if  we  look  at  the  results  of  past 
research  we  find  little  to  encourage  present  ounfidencc 
Yet  it  is  only  necessary  to  consider  the  amazing 
interest  of  the  problem  to  set  doubt  and  irresolution  OD 
one  side,  and  at  least  patiently  to  test  the  mean^  we 
have  at  our  disposal. 

I  have  elsewhere*  pointed  out  reasons  for  regarding 
the  views  hitherto  accepted  respecting  the  sidereal 
system  as  unsatisfactory.  The  results  obtained  by 
Sir  William  Ilerschel,  and  apparently  confirmed  by 
the  labours  of  Sir  John  Herschel,  the  elder  Stnive, 
and  others,  seem,  according  to  the  evidence  I  have 
adduced,  to  be  self-contradictory  and  not  accordant  with 
other  equally  reliable  researches.  I  confess  I  can  no 
longer  entertain  any  doubt  that  there  is  an  error  in  the 


•  In   Olher   Worlds    than    Otirt,   ond  more   eepfciilly  tlie 
dlition.  wbero  HdditioDal,  and,  Ithinb,  coDdueiTeuiguintmUftn' 
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itheeis  which  underlies  Sir  William  HcrscIii'I'd 
It  is  abBoliitdy  essential,  ifwewmild  fu.':ii 
ideqnate  conceptions  at  all  respecting  the  nature 
scheme  to  which  the  Sun  helongs,  that  that  liypo- 
and  its  results  ahimld  be  re-considered.  I  must 
3,  however,  all  reference  to  arguments  already 
and  indeed  1  propose  but  to  sum  up  here  the 
I  have  exhibited  elsewhere,  and  then  to  pass 
consider  one  special  circumstance  connected  with 
Sun*B  relation  to  hia  fellow  suns — the  proper 
1  by  which  he  speeds  through  interstellar  space. 
William  Herschel,  fired  with  the  noble  thought 
iging  the  celestial  depths,  tofjk  as  the  fundamental 
lesls  on  which  his  gaug^ngs  were  to  rest,  the 
»tion  that  the  stars  are  spread  with  a  certain 
uniformity  within  a  dehnlte  region  of  space.* 
one  hypothesis  be  admitted,  it  becomes  possible, 
of  a  telescope  powerful  enough  to  reach  the 
most  distant  and  the  smallest  stars  of  the  system,  to 
gauge  the  extent  of  the  system.  All  that  is  necessary 
ia  to  count  the  number  of  stans  aeeu  In  the  telescopic 
field  of  Tiew  when  the  instrument  is  directed  towards 
different  parts  of  the  heavens.  Wliere  many  stars  are 
I,  there  the  system  must  necessarily  have  its  great^'Nt 


E 


B  i»  mnttmit  ulded  that  ?ir  Wlltiam  Il-nvlinl  luppiMnl  ■  orr- 

gencr.^  uaiiannitj  of  aize  and  liri'lixncj'  to  nlat  tiaimif  tlia  darti 

Thl!,  huttpTBr.  U  ■  miiiuke.    Th»  only  genMnl  bjjwtln'ti*  mnJv  by 

Sir  WiUiam  Herwhel  wi»  tkeooe  •UiM  abora;  bawM«d.w  niic«»iii7 

Uw  ailmwaian  uf  hii  9wa  •Ur-gRugiDx*,  Ou  iheurr  llul  ho  bi|«- 

nsdiRl— at  least  ia  moat  diMctioiH-  tlw  limit*  of  (hi  tidfrnil 
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extensioQ ;  where  there  are  few  stars,  there  the  liinib 
of  the  system  must  be  nearest  to  us. 

It  IB  well  known  that  by  this  process  of  etar-gauging 
Sir  William  Herschel  was  led  to  the  conclusion  ibit 
the  sidereal  system  has  the  form  of  a  cloven  disc.    Tbe 
exteuBion  of  this  disc  is    towards    the    region    of  the 
heavens  occupied  by  the  Milky  ^Vay,  the  jiarts  of  tbe 
heavens  where  no  milky  liftht  is  seen  corresponding  to 
the   flattened   sides   of  the   disc.      According  to  tl« 
essential   principle   of    this  method   of  star-gatigingi 
apjilied  to  the  observed  numerical  relatione,  it  followB 
inevitably  that   the   stars  visible  to  the  naked  eye  Be 
fur  within  the  limits  of  the  cloven  diac.     The  same 
conclusion   follows,  also,   from  Sir  John    Hcrschel'i 
gauges  of  the  southern  heavens ;  though  liia  view  of 
the  sidereal  system  differed  in  this   respect  from  hit 
father's,  that  he  considered   the  stars  visible   to  the 
naked  eye,  and  others  down  to  about  the  tenth  magni- 
tude, to  be  less  richly  spread  through  space  than  thosS* 
whose  united  lustre  produces  the  milky  light  of  the 
jrulaxy.     But  whether  the  richer  parts  of  the  sidereal 
system  form,  as  Sir  William  Herschel  thought,  a  clovea  ' 
disc  in  space,  or,  as  Sir  J.  Herschel  supposes,  a  cloveO" 
ring,   surrounding   the   lucid   stars, — in    either   case,, 
accepting  only   Sir   William   Herechel's  fuudamentid 
hypothesis,  we  are  bound  to  admit  that  the  lucid  stan 
lie  far  within  the  limits  of  the  sidereal  system.*     In^ 


---  - --. B  Bpealc  of  the  stnra  visille  I*  tlNi 

naked  eye  us  the  lucid  tlars.     The  tJUe  has  no  refprencc,  it  will  bt 
uudereiood,  lo  ihe  incrinitii;  lirilliancj  oflhe  liglit  of  tbo  vieiljle 
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A\hatever  direction  we  tuni  our  eyes  to  look  upon  the 
lucid  stars,  we  may  be  quite  certain,  if  only  this  hypo- 
tJicsis  be  true,  that  the  bounds  of  the  star-system  lie 
far  beyond  the  constellations  we  are  regarding. 

Now  it  is  at  this  point  that  my  study  of  the  stars 
lias  led  to  the  recognition  of  evidence  which  opposes 
itself  in  the  most  striking  manner  to  the  views  usually 
accepted.     I  find  among  the  lucid  stars  the  most  con- 
Tincing   signs   of  aggregation   along   certain   definite 
Tegions,   and   of  segregation   from   others.      I   have 
applied  to  these  signs  the  strictest  principles  of  mathe- 
matical calculation,  in  order  to  determine  whether  they 
can  by  any  possibility  be  due  to  chance  distribution, 
and  I  find  that  it  is  wholly  impossible  so  to  interpret 
them.     But  in  this  result,  regarded  by  itself,  there  is  in 
truth  nothing  opposed  to  the  accepted  theories.     It  is 
indeed  an  interesting  circumstance  that  such  traces  of 
aggregation  and  segregation  should  be  recognisable, 
and  perhaps  it  may  seem  to  many  a  perplexing  circum- 
stance that  these  signs  should  so  long  have  escaped 
recognition.*     But,  apart  from  the  interest  thus  attach- 
ing as  I  think  to  the  discovery,  there  is  nothing  which 
may  not  be  conceived  to  accord  very  well  with  the 
views  of  the   Herschels.      For  such  peculiarities  of 
structure,  if  one  may  so  speak,  within  the  sphere  of 

♦  This  may  be  ascribed  wholly  to  the  strange  nature  of  the  Btar- 
atlases  hitherto  constructed,  in  which  the  authors  seem  to  have  studied 
how  they  might  best  (by  distorting  the  celestial  spacers  and  by  covering 
them  oxer  with  monstrous  figures  of  men  and  animals)  conceal  alto- 
gether from  view  any  laws  of  association  which  may  really  exist  among 
the  stars. 

B  B  2 


the  lucid  stiira  might   extend  thoughoiit  the  whole  of 
the  '  cloven-disc  Btar-sjstem '  conceived  by  SirWiUito 
Herschel,  and  yet  the  averages  on  which  he  based  Jul 
conclusions  might  not  be  disturbed.     It  ia  when  aihiihet 
and  Diost  unexpected  relation  ia  mentioned  tiiat  llie 
accepted  theories  are  found  to  fail.     The  aggregstiDii 
of  stars  distinctly  recognised  in  some  regions  and  verj 
marked  in  others   is  most  marked   of  all  along  tlw 
Milky  Way.     Xot  only  are  ludd  stars  so  richly  Htreira 
on  the  Milky  Way  that  for  the  whole  heavens  to  be  « 
richly  spread  6,U00  new  lucid  starn  would  be  '^tnttit 
but  the  gaps  and  Ueuiitc  in  the  Milky  Way  are  so  bin 
and  vacant  that  were  the  whole  heavens  iio  riclw 
4,600  stars  now  visible  would  have  to  be  blott«d  from 
our  view.  Such,  briefly  stated,  is  the  statistical  evidence 
on  this  point.     There  can  be  no  question  that  it  U  ot 
the   most  convincing    character.       The   probabilitiei 
against  such  a  result  if  chance  distribution  were  alone  in 
question — that  ia,  if  no  real  relation  existed  between  the 
luuid  stars  seen  amid  the  milky  light  of  the  galaxy  and 
the  clustering  groups  of  telescopic  stars  whidi  pn>dnee 
t  bat  bght — may  be  readily  shown  to  be  so  overwhehning   | 
tliat   no   illustration   can   be   devi&ed    to   cooTey  bb   j 
adequate  idea  of  their  immensity.     The  chance  thstj 
the   Sun  will  rise  to-morrow  is  ridiculously  email  (all 
least  as  Quetelet  calculates  it)   by  comparison.     SS 
that  as  long  as  the  laws  of  probability  are  to  be  mcQ 
guide  in  such  matters  (and  in  every  scientific  concln-i 
aion  ever  yet  adopted  we  have  bad  no  other  cvidcucej'j 
it  must  be  regarded  as  certain  that  tlie  lucid  stansecii  ■ 
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on  the  Milky  Way  are  for  the  most  part  immersed 
among  the  crowds  of  minute  stars  forming  the  diffused 
light  of  the  galaxy.  These  galactic  stars  then  are 
much  nearer  than  had  been  supposed,  and  they  are 
really  minute,  not  reduced  merely  to  apparent  minute- 
ness by  the  vastness  of  their  distance. 

When  we  add  to  the  considerations  thus  suggested 
that  the  nebulae  have  been  shown  by  unmistakable  signs 
of  association  to  form  a  system  intimately  connected 
with  the  system  of  stars,  we  begin  to  see  that  the  sidereal 
system  regarded  as  a  whole  is  very  different  from  that 
scheme  of  suns  pictured  in  the  accepted  theories. 
Our  Sun  and  his  fellow  suns  are  associated  with  groups 
of  minor  suns,  with  clusters  of  star-dust,  with  masses 
of  star-mist.  We  trace  amid  the  complex  system 
thus  disclosed  the  signs  of  as  yet  unthought-of  laws. 
Here  the  large  suns  gather  into  well-marked  clusters  ; 
here  they  form  streams  amid  the  celestial  depths.  In 
one  region  we  find  them  associated  with  that  strange 
spiral  of  minute  stars  forming  the  galaxy*  (see  fig.  87); 
in  another  they  are  grouped  with  discrete  nebulse; 
and  yet  elsewhere  they  are  immersed  amid  the  whorls 
and  convolutions  of  nebulous  matter.  Lastly,  in  two 
regions  we  see  suns  and  minor  stars,  star-clusters  and 
discrete  nebulas,  and  masses  of  nebulous  matter,  com- 
bined into  vast  spherical  aggregations — the  Magellanic 
Clouds  of  the  seaman— and  these  aggregations  them- 

♦  Soch  is  at  least  a  figure  which  (as  shown  in  my  Other  Worlds)  ac- 
couits  in  a  satisfactory  manner  for  all  the  observed  peculiarities  of  the 
Milky  Way. 


selves  foniiing  the  centre  of  a  remarkable  group  of  locy 
slat's.  Tliia  gniup,  numbering  more  than  2,500  orbs, 
covers  one  half  of  the  southern  heavens.  It  sweep! 
in  a  mighty  siiiral*  around  the  greater  MageUiBic 
Cloud.  It  gathers  its  host  of  lucid  orbs  so  denedj 
along  one  part  of  its  course  that  that  region  of  tke 
heavens  alone  suffices  to  light  up  the  eouthem  slria  « 
with  the  light  of  a  young  moon.  It  presents,  m  fine, 
phenomena  which  leave  little  room  for  question  that  it 


Thi^  Milkj  way  rejjanlni 


forms  a  great  and  distinct  system,  within  whose  bounds 
are  included  all  the  characteristic  features  of  the  sidereal 
system  itself,  if  indeed  we  are  not  to  regard  it  as  form- 
ing the  noblest  half  of  that  portion  of  the  universe  of 
which  we  have  hitherto  become  cognisant. 

•  Tlie  features  here  refcrnsl  to  nre  rery  strikingly  eihibiled  in  tba>. 
iBr>graphic  m»ps  of  the  tionliem  and  eolitliem  heartnEnix'oinpHnjdiigth* 
Boeund  wlilinu  of  my  Other  Worlda.  Those  majiB  show  ill  the  «tar» 
visiMo  to  ilio  Qsltod  eju  (in  whitu  on  it  blstt  ground)  truly  distribnUd 
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It  is  not  without  a  purpose  that  I  have  thus  directed 
the  reader's  attention  to  the  vast  southern  star-svstem 
which  constitutes  the  most  striking  and  instructive 
feature  of  the  heavens.  If  there  is  no  feature  of  the 
northern  heavens  which  to  ordinary  vision  seems  to 
correspond  to  this  southern  star-system,  yet  statistical 
research  reveals  the  fact  that  the  southern  region  has  its 
true  analogue  in  our  northern  heavens.  The  widely 
extended  group  of  stars  surrounding  the  projection  of 
the  Milky  Way  in  Cepheus,  and  including  within  its 
limits  the  singularly  rich  portion  of  the  Milky  Way  in 
C]^;nus,  has  not  only  well-defined  limits,  but  presents 
%.  well-marked  superiority  to  the  rest  of  the  northern 
heavens  as  regards  richness  of  star-distribution. 
Though  smaller  in  extent,  it  is  not  less  rich  on  the 
average  than  the  great  southern  rich  region.  It 
corresponds  also  w^th  that  region  in  some  other  and 
rather  peculiar  respects.  It  covers  a  region  where 
the  Milky  Way  throws  out  projections,  and  shcfws  vast 
vacuities.  The  Milky  Way  reaches  it  on  one  side 
as  a  single  stream,  on  the  other  as  a  double  stream; 
and,  further,  the  brightest  portions  of  the  Milky 
Way,  in  tlie  northern  and  southern  heavens,  lie  near 
these  two  rich  regions,  and  both  also  towards  that  edge 
of  the  rich  region  whence  the  double  stream  of  milky 
light  extends. 

Now,  I  would  invite  attention  to  the  circumstance  that 
the  Sun's  proper  motion,  according  to  the  best  estimates 
hitherto  made,  is  carrying  him  from  the  borders  of  the 
southern  rich  region  towards  the  borders  of  the  northern 


rich  region.  He  is  passing  away  from  the  neighbour- 
hood of  Canis  Major,  Columba,  anj  Lepu^  (not  to  de- 
fine too  precise!)'  the  as  ret  scarcely  determined  path 
along  which  he  travels),  and  he  is  urging  his  way  with 
inconceivahle  velocity  towards  the  region  between 
Hercules  and  Lyra.  Of  the  true  habitudes  of  those 
regions  of  space  through  which  he  is  bearing,  and  has 
lately  borne,  his  family  of  planets  we  know  little.  But 
as  we  look  back  along  the  extended  track  he  has 
pni-suetl,  and  see  the  richness  of  those  regions  he  has 
left,  and  as  we  look  onwards  and  trace  hie  course  in 
imagination  towards  the  bordeiB  of  that  rich  r^on 
whose  glories  gather  into  their  chiefest  splendour  in 
Cygnus,  the  conception  Is  suggested  that  he  is  now 
winging  his  way  through  a  relatively  barren  region, 
that  he  has  left  and  will  again  visit  more  glorious  star- 
depths  than  those  through  which  he  now  pursues  his 
course, 

And  here  we  may  pause  for  a  moment  to  consider  the 
nature  of  that  path  along  which  we  ourselves  are  borne 
as  the  Earth  sweeps  on  her  course  round  the  Sun. 

Let  the  foreshortened  circle  in  fig.  88  represent  the 
path  of  the  Earth  aboutthe  Sun,  the  globe  N  9  represent- 
ing on  a  large  scale  the  slope  of  the  Earth's  axis  through- 
out her  annual  revolution.  When  the  Earth  is  at  9 
it  is  mid-winter ;  when  she  is  at  a  it  is  spring :  at  >;  it 
is  summer ;  and  lastly,  when  she  is  at  T  it  is  autumn. 
Then  the  path  of  the  Sun  has  the  position  indicated  in 
-the  figure,  being  inclined  some  53  degrees  to  tfae  plane 
of  the  Earth's  orbit,  and  some  1 5   degrees  in  advance 
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of  Vf .'  Alonrr  thin  path  the  Sun  pur§iiea  his  coiifbc 
at  a  rate  which  has  been  estimated  at  about  150 
millions  of  mites,  or  five-sixths  of  the  diameter  of  the 
Earth's  orbit  in  each  year.  Hence,  ainne  the  Earth's 
orbit-plane  is  carried  along  at  this  rate,  while  tlie 
Earth  circles  around  that  orbit  once  in  each  year,  it 
follows  that  the  actual  path  pureued  by  the  Earth  in 


V^ri2,. 


space  t  is  such  as  it  indicated  in  fig.  89.     It  is  in  fact 
a  skew  spiral  or  helicoidal  path.| 


■  Ii>  pnjectioQ  on  the  ecliptic,  Ibat  is,  lies  la  tongilude  2S6°,  or 
IherealmutB. 

t  Or  rnthcr  vitbia  tho  Bidrreiil  «;Blem.  vhicli  itarif  doubdeu  bas 
•ofDP  motion — ptrlmpa  an  inconcpiTKbly  rapid  motion. 

I  Some  perKiDS  have  eiprcised  great  amiel;  Ipst,  if  the  8uii  ii 
raally  trarrlling  so  swilllj  through  spaee,  ho  nhouJd  leave  the  Earth 
bvhind,  ThPre  is  not  the  least  fear  of  this,  anj  more  than  there  i> 
th»t  ttw  Eanb  ehould  Irare  tbe  Moon  behiod.  WbHUrer  TorceB  hare 
cKlued  the  Sun  to  foltov  his  present  carver  have  sclcd  npon  the  Earth 
and  all  the  planets  wUh  «}iial  effect.    Arui  ns  tbe  Sun'n  course  thmugh 
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motion  (or,  teclinically,  they  would  have  a  lai*ge  aniiiul 
parallactic  displacement) ;  but  then  aatronomers  would 
not  be  led  to  look  for  such  effects,  since  we  know 
as  a  matter  of  fact  that  the  stars  hitherto  examined 
for  signs  of  annual  parallax  are  those  which,  either 


Fio.  90. 


a 


/ 


0 

/ 


^ 


> 


/ 


\   ^ 


/ 


0 

/ 


Observed  proper  motions  in  Ursa  Mn^r  and  neighbourhood. 


through  exceptional  brilliancy  or  through  exception- 
ally  large    proper  motion,  seem  likely   to   be  near 

to  US. 

We  find  signs  in  the  heavens  leading  us  to  regard 
the  existence  of  such  ^  companions  of  the  Sun '  as  at 
least  not  wholly  improbable.  Here,  for  example,  is  a 
picture  (fig.  90)  borrowed  from  my  *  Other  Worlds,' 
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in  which  the  chief  stars  of  the  constellation  Ursa 
Major  are  depicted,  and  some  few  others  belonging  to 
Draco  and  Bootes.  To  each  star  is  attached  a  small 
arrow  indicating  the  direction  of  its  motion,  and  the 
amount  of  such  motion  in  36,000  years.  We  see  here 
decided  signs  of  star-drift  We  can  scarcely  doubt 
that  the  five  principal  stars  of  Ursa  Major  included 
within  the  dotted  line  are  travelling  together  though 
space ;  while  the  four  stars  above,  belonging  to  Draco, 

Fio.  91. 
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Observed  proper  motion  of  Stars  in  head  of  Aries. 

seem  similarly  to  be  companion  suns.  The  remain- 
ing stars  may  also  not  improbably  form  a  single 
family. 

The  group  of  stars  shown  in  fig.  91  seem  to  form  a 
system  within  which  probably  there  are  orbital  motions 
of  considerable  magnitude. 

It  is  worthy  of  notice  that  in  the  two  instances  here 
referred  to  there  are  evidences  of  association  apart 
from  the  observed  proper  motions.  For  in  the  second 
the  stars  forming  the  system  seem  segregated  in  a 
somewhat  marked   manner  from  neighbouring  star- 
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groups.  The  stars  in  Ursa  Major,  again,  have  been 
noted  by  Fr.  Secchi  as  having  very  similar  spectra— in 
other  words,  as  resembling  each  other  very  closely 
in  structure  and  condition.  In  this  circumstance  we 
have  a  peculiarity  which  may  one  day  enable  us  to 
select  with  some  confidence  those  stars  which  are  our 
Sun's  special  companions,  which  voyage  along  with 
him  through  the  sidereal  system,  and  share  with  him 
perchance  in  a  reign  over  some  special  domain  of 
space. 

And  here  I  have  to  draw  this  work  to  a  conclusion. 
Too  limited  by  far  has  been  the  space  I  have  allotted 
to  my  subject,  and  yet,  for  many  reasons,  it  wouU 
have  been    unwise  to    have    exceeded  tins  space.    1 
have  followed  so  closelv  tlie  course  I  marked  down  in 
the  beffinninsc  that  I  sec  no  occasion  to   chancre  one 
word  in  the  introductory  pages.     Yet  at  many  stages 
where  I  had  promised  myself  a  pause  for  survey  and 
reflection  I  have  been  compelled  to  pass  on  without 
stay.     Many  inviting  paths  oi)ening  out  on  one  hand 
and  the  other  have  been  perforce  left  unexplored.     As 
I   have   proceeded    I    have   become    more    and   more 
sensible  of  the  vastness  of  the  subject  I  have  under- 
taken to  discuss.     Not  a  book,  but  a  library  of  books, 
is  needed  to  deal  adequately  even  with  only  what  is  at 
present  known  about  the  Sun  ;  not  a  few  students  of 
science,  but  all  the  astronomers  and  i)hysicists  now 
living,  might  devote  their  powers  to  the  study  of  solar 
phenomena,  and  yet  find  that  the  army  of  labourei'^ 
needed  to  be  largely  recruited.     Only  in  the  coming 
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e,  when  the  students  of  science  will  be  the  majority 
:ead  of  a  minute  minority  of  mankind,  will  this 
ject,  and  those  countless  other  kindred  subjects 
ich  await  investigation,  be  adequately  dealt  with. 
t  us  hope  that  time  is  not  far  off. 
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IHE  APPROACHING   TRANSITS   OF  VENUS  AND   THE 
BEST   MEANS  FOR   OBSERVING   THEM, 

On  account  of  the  interest  attaching  to  the  approaching  tran- 
sits,  and  more  especially  to  the  transit  of  1874,  for  which 
a  sum  of  more  than  10,000/.  has  been  voted  by  the  Govern- 
ment, it  seems  desirable  to  exhibit  here  in  a  popular  form  the 
results  to  which  I  have  been  led  by  a  ver}'  careful  mathemati- 
cal investigation  of  the  conditions  under  which  the  coming 
transits  may  be  most  satisfactorily  observed.* 

Already  in  Chapter  I.  I  have  exhibited  the  general  prin- 
ciples on  which  the  determination  of  the  Sun*s  distance  by 
observation  of  transits  of  Venus  depend.  But  as  it  is  always 
advantageous  in  discussing  astronomical  relations  to  view 
til  em  in  as  many  aspects  as  possible,  I  now  present  a  mode  of 

♦  I  njay  remark  here  that  I  have  gone  over,  at  the  expense'of  a  con- 
Biderable  amount  of  time  (for  the  work  was  altogether  new  to  me),  the 
process  of  calculation  by  which  the  elements  of  the  transit  are  deduced 
from  the  tables  of  Venus  and  the  Sun ;  but  (as  I  anticipated  when  I 
Legiin)  the  results  I  obtained  accord  so  closely  with  Mr.  Hind's,  that  the 
lalx)ur  (save  for  the  practice  it  gave  me)  was  in  a  sense  thrown  away. 
It  is  worthy  of  notice,  however,  that  M.  Puiseux  having  obtained  some- 
what different  results,  this  confirmation  of  Mr.  Hind's  results  Im**  a  value 
which  ordinarily  would  be  wanting  to  r^^searches  of  the  sort.  Mr. 
Plumraer,  of  Mr.  Bishop's  Observatory,  Twickenham,  hud  already,  at  Mr. 
Hind's  request,,  tested  the  published  elements  ;  and  there  can  be  now  no 
doubt  whatever  that  in  this  matter  (as  always)  Mr.  Hind's  calculations 
are  beyond  question* 

F  F 


THE  SUN. 

considering  transits  or  Venus  which  is  perhaps  tlie  bed  inil 
Minpteat  conceivable. 

Let  a  (fig.  92)  be  the  Siin,  v  (Vctms)  and  k  {Hie  Bwh) 
triivelling  in  the  same  direcUon  nnd  neail}-  iti  Uie  aniua 
plane  round  the  Sun  as  shown  by  the  arrowa,  Venus  the  mora 
nwiftly  ;  and  let  it  he  noted  that  the  dimensiiins  of  the  San, 
Venus,  and  the  Earth  are  here  neceoMirilf  exiiggena«i],  aisce 
tven  the  Sun.  if  presented  on  the  same  scale  as  the  dinlanca, 
would  be  Bcarcely  perceptible  in  our  figure. 

Now,  Venus,  like  every  other  body  in  the  Holar  Bysum, 
iliroWB  a  ahudow,  and  the  ^adow  is  repreBenU.-d  by  the  In- 
angular  Hpace  behind  Venus  in  fig.  9^.  It  comes  to « point  DDt-' 
vei7  iar  (relativeiyj  fivm  Venus.  Suppose  this  cone  prioducrd 
i>cyoiid  its  apex  so  aa  to  Ibrui  tlie  shaded  cone  shown  i 


lis  sliadedj 

llbetet^ 
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figure.  It  is  obvious  thu.i  to  an  eye  placed  uitliin  tiiissl: 
region  Venus  will  be  aaeafvlly  within  the  Spirit  di*c  ; 
an  eye  placed  on  the  surface  of  this  region  Venus  will  b 
just  touching  the  Sun's  disc  on  the  ituidc.  Now  conceive  a 
double  cone  touching  both  Venus  nnd  the  Sun,  hut  havinj  I 
its  npex  between  these  bodies,  as  shown  in  the  fignre.  Thni 
obviously  to  any  eye  tax  the  surface  of  the  region  betwea 
this  apex  and  u  ■>',  Venus  would  be  seen  just  (oucliiDg  <itt 
Sun's  disc  on  the  outtide.*     Clearly,  then,  to  any  eyt  betmoi  I 

•  Fnp  initanpf,  to  nn  eye  at  u  Veoun  troold  •Mm  jurt  t«  tmct  11 
Sun'*  li'tK  OQ  Ihe  DUIsiJe  at  a.  while  lo  an  eyr  flared  At  tf,  Vemia  wi 
ti-fliii  just  Id  lunch  the  Suo'g  disi;  on  llio  Dutside  ai  t'.  Tbis  i*  < ' 
L>"caiit>i'  tbo  tinea  v  t,  e"  t,  just  touch  the  8ud  antl  VcDot,  whena*  u 
cllivr  liues  fixim  V  and  ■/  l«  poinis  ou  Venui  pasi  dear  of  Uh  &■»■ 
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this  surface  and  the  region  shaded  in  the  figure,  a  part  only 
of  the  disc  of  Venus  will  be  seen  on  the  disc  of  the  Sun. 

So  that  if  an  observed  were  carried  through  the  double 
cone  shown  in  fig.  92  behind  Venus,  he  would  see  the  follow- 
ing successive  phenomena.  When  he  came  to  the  outer  sur- 
face Venus  would  be  in  exterior  contact,  or  as  at  a  (fig.  14, 
p.  42) ;  as  he  passed  on  to  the  inner  surface  Venus  would 
enter  more  and  more  on  the  Sun's  disc,  until  when  he  reached 
that  sur&ce  she  would  be  in  interior  contact,  or  as  at  b  (fig. 
14).  Then  as  he  travelled  on  through  the  inner  cone  Venus 
would  seem  to  cross  the  Sun*s  disc,  and  she  would  just  touch 
it  on  the  inside  when  our  observer  reached  the  surface  of  this 
inner  region  on  his  passage  outwards.  Next,  as  he  passed 
onwards  to  the  sur&ce  of  the  outer  region,  Venus  would  be 
seen  crosung  the  edge  of  the  Sun's  disc.  And,  lastly,  as  he 
passed  that  surface  he  would  again  see  Venus  in  ext^or  con- 
tact, the  transit  thereupon  coming  to  an  end. 

Now,  daring  a  transit  of  Venus  the  Earth  does  actually  pass 
in  such  a  way  through  these  regions ;  or  rather  these  regions 
orertake  and  pass  over  the  Earth.  In  ordinary  conjunctions 
the  cones  of  fig.  92  pass  above  or  beneath  the  Earth;  but 
when  the  Earth  is  sufficiently  near  to  the  plane  in  which 
Venus  is  moving,  the  cones  do  not  pass  without  encoimtering 
the  Earth,  and  so  a  transit  takes  place.  Further,  the  considera- 
tions iu  the  preceding  paragraph  suffice  to  exhibit  the  general 
circumstances  of  a  transit. 

Since  the  cones  overtake  the  Earth  in  the  direction  shown 
by  the  arrows,  w^e  may  consider  that  the  Earth  passes  through 
the  cones  in  the  contrary  direction. 

Suppose  V  t/  (fig.  93)  to  represent  the  same  section  of  the 
outer  cone  as  r  t/  in  fig.  92 ;  v  V  the  section  of  the  inner 
cone ;  and  e  (fig.  93)  the  Earth,  as  shown  at  e  in  fig.  92. 
Then  v  t/  is  really  moving  towards  the  lefl ;  but  we  are  to 
suppose  that  E  is  moving  towards  the  right  through  v  1*'. 
Furthermore,  if  Venus  is  near  an  ascending  node,  as  she  will 
be  during  both  the  approaching  transits,  we  must  suppose  the 
Earth  to  pass  descendingly  along  such  a  course  aa  e  k'  through 
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ibe  region  v  v'.  Th«  nciual  ooniw,  hoth  as  respects  poatini 
and  direction,  itt  determined  from  the  calculated  dementi  M 
the  transit.  With  this  ok'uUtion  we  need  not  here  coacon 
(mnetres.*  The  figure  ahciwa  the  course  acto&Uj  tnvencd  bj 
the  Earth  in  1874  and  IS»2. 

Now,  taking  the  Kxrih  ihrOTigh  v  r"  for  the  187 ■(  tranait,  In 
iw  consider  the  various  critical  points,  so  to  spcnk,  of  h*T 
«Miiree.     ^VTien  »!ie  first  touches  the  outer  circle  t'  r*  estmai 
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contact  will  have  begun  at  that  point  of  the  Earth  which  fint 
reaches  this  circle.  Sho  pawes  on,  fnlling  more  and  more  with- 
in V  v',  until  she  is  just  whollj'  within.  All  this  time  extenuU 
cnniact  is  taking  pkcn  wherever  the  outline  v  v'  interaecis  iha 
Kiirth's  disc;  at  parts  within  that  line  Venus  is  seen  ptuil^ 

•  As  to  Ihe  ttce  of  0  o'  compnrod  with  ihHt  nf  the  Earth,  il  is  cosily 
9C<m  from  fig.  tl2  lh«l  F  e*  is  lets  ihan  h  gnml  circin  of  tho  Sun,  »My 
marl;  in  the  proportion  that  the  Earth's  diatnore  from  Vkovh  rxcwA 
iha  Son'*.     If  tljn  cone  if  which  d  t^  is  ■  scetioD  had  its  rertsi 

Vi-niis'i  eonlre  Ibii  proportion  wooJd  ba  o»bcI, 
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within  the  Sun^s  disc,  and  at  parts  ontside  of  it  external  con- 
tact has  not  yet  taken  place.  When  the  Earth  has  passed  wholly 
within  the  circle  r  v',  external  contact  has  taken  place  at  all 
parts  of  the  visible  hemisphere.  But  as  at  this  time  no  part 
of  the  Earth  has  reached  the  circle  v  v',*  internal  contact  has 
nowhere  commenced.  In  other  words,  Venus  is  not  yet  fully 
upon  the  Sun's  disc  as  seen  from  any  part  of  the  Earth. 

Now,  this  part  of  the  Earth's  motion  is  not  illustrated  in 
fig.  93,  because  external  contacts  and  the  passage  of  Venus 
acrosB  the  Sun's  outline  are  not  phases  which  the  observers  of 
trannla  pay  great  attention  to.  We  now  come  to  the  impor- 
tant {biases. 

When  the  Earth  just  reaches  the  inner  circle  v  v',  interior 
contact  has  just  begun  at  the  point  on  the  Earth  which  first 
touches  this  circle.  Here,  then,  earliest  of  all,  internal  contact 
begins,  and  we  have  at  this  point  the  phenomenon  culled 
by  astronomers  ^r«<  internal  contact  most  accelerated.  The 
Earth  is  then  in  the  position  numbered  1  in  fig.  93. 

She  passes  on,  the  outline  v  v'  encroaching  more  and  more 
over  her  &ce  until  she  is  wholly  within  this  outline  or  in 
position  2.  All  this  time  internal  contact  is  taking  place 
wherever  the  outline  v  v'  intersects  the  Earth's  disc  At 
parts  of  the  Earth  within  that  line  internal  contact  has  passed, 
ox  Venus  is  already  fully  upon  the  Sun's  disc.  At  parts  of  the 
Earth  outside  that  line  Venus  still  breaks  the  outline  of  the 
Sun's  disc.  When  the  Earth  is  at  2.  internal  contact  has  taken 
place  for  all  places  on  the  Earth's  illuminated  hemisphere. 
This  contact  takes  place  latest  of  all  at  that  point  on  the  Earth's 
surface  which  at  this  moment  touches  v  v'.  It  is  here,  then, 
that  there  occurs  the  phase  which  astronomers  cslW  first  inter- 
nal contact  most  retarded. 

♦  The  distance  between  the  circles  v  v'  and  v  v'  is  obrionsly  greater 
than  the  Earth's  diameter,  if  we  consider  how  the  two  circles  t;  t/  and 
T  V  are  obtained.  For  the  diameter  of  Venus  is  very  nearly  equal  to 
the  Earth's ;  so  that  the  diverging  lines  from  sot  tf  (fig.  86)  are  already 
separated  at  v  by  a  duitance  nearly  equal  to  the  Earth  s  diameter,  and 
herefore  at  «  or  o'  are  wider  apart. 
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Tlien  the  Earth  passes  onw.inlg  through  the  poaitiotia  shoKD 
Hurerully  slung  her  track  in  tig.  93. 

Aa  tiie  Earth  passes  out  of  the  spaces  V  v',  v  i/,  simibr 
phases  occur  in  reverse  order.  We  need  uote  only  lia 
positionn  numbered  severally  14  and  IJ.  The  first  rfio** 
where  t!ie  Earth  first  reaches  v  v',  mid  the  point  on  ber 
mriace  whk-h  first  timches  v  v"  is  the  place  where  occurs  ilw 
phuM  called  second  ioleriuil  contact  most  iiectltrated ;  while  15 
allows  where  the  Earth  is  just  psasing  cleiir  of  v  v',  and  it* 
point  on  her  surface  which  la  th«  last  to  touch  v  v"  is  the 
place  where  the  phase  occurs  called  second  intrrnal  conlarl 
iiKixt  retarded.  The  circuniataneea  of  the  progress  of  the 
Eiirth  from  OTie  position  lo  the  other  precisely  correspond  lo 
those  already  considered  in  dealing  with  tlie  Earth's  niolJuii 
frnio  I  to  2,  only  thoy  take  place  in  reverse  order. 

Such  a  paaaage  as  I  have  dem:ribed  IunIs  all^igelher  some 
four  or  five  hours  (a  passage  through  the  centre  o  abuut 
eight  hours),  and  in  this  interval  the  Earth's  axial  rolti^on  a 
nut  incou!»i(lerabIe.  This  rotMtion  has  to  be  taken  into  ac- 
count in  dealing  with  tho  renl  circumstance  of  any  transit. 

The  TKader  will  see.  then,  that  to  present  in  an  exact  niBiiner 
.ill  the  rebtiona  thus  involved  would  r«[uire  not  merely  a 
liir^  amount  of  sjiace,  btil  the  dincusaion  of  tnnlhemalical 
coiiBiderations  of  some  complexity.  And  yet  there  is  absolutely 
no  simpler  way  of  exhibiting  these  relations  in  a  descriptive 

This  is,  tlieii,  one  of  those  cases  where,  if  we  are  to  givo 
views  at  once  exact  and  generally  intelhglble,  we  must  employ 
that  too  much  neglected  aid  of  the  astronomical  teacher,  truth- 
ful pictorial  illustration.  We  must  have  representation s  of 
the  Earth  as  she  is  actually  placed  at  the  most  important 
parts  of  her  course  through  u  v',  truly  poised,  with  true  axial 
slope,  and  in  the  true  position  us  respects  axial  nrtatioa- 
t^'ich  pictures  will  do  what  verbal  description  in  this  case  can 
uevtr  do,  save  lor  the  mathematical  reader. 

The  illustrative  plates  VIII.,  IX.,  and  X.  have  been  speciallj, 
oustructed  to  meet  this  difficulty. 
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would  apppnr  when  lier  centre  is  just  croKKUi^  the  Mme  circle 
at  egress,  So  thnt  the  first  cirrcsponiJa  Iv  an  irpocli  bft«ei-R 
thoK  rrpreaenled  ia  tiiefirfl  two  Eurth-pictnrFB  ol' ihc  foliliiig 
plate,  while  the  second  CDrrespooda  to  an  ffiocb  bettvetrn  ihoae 
repre«ented  in  tlie  lu't  two  pictures  ol'  that  plate.  I'hc 
seeniiogly  parallel  crosR-lincs  in  Plate  IX.  represent  tlie 
encroaching  tiutline  of  tlie  circle  v  v'  (tig.  U3)  at  interval* 
of  a  single  minute  of  lime  Ix-tweeii  the  epochs  represented 
by  the  first  two  litres  in  the  folding  plate.  Tlie  corre- 
sponding croHs-lines  in  Plate  X.  represent  the  Mine  outline 
gradually'  piissing  off  the  Eartli's  face  between  the  epoch* 
ciirresponding  to  the  last  two  figures  in  the  folding  plate.  The 
eiioroQ  clime  lit  and  the  |ia^ng  off  not  being  strictlj  uniform," 
these  lilies  are  not  eqtii-distiinl,  nor  are  thej  stricliy  parallel. 
(They  Hhould  not  be  absolntdy  straight,  sioce  ihej  renily 
form  short  arcK  of  circles;  but  this  consideration  is  relatiTeljr 
nnimportMD'.f 

Now,  'Jese  two  plates  give  ns  all  we  require  for  determining 
what  are  the  beat  stations,  wtjeiher  for  Delisle's  or  HoUey'a 
method.f 

For  Delisle's,  applied  as  at  ingress,  consider  Plate  IX.     W« 

•  ThBr™»™  of  thiewill  be  BBenby  arpfrroDcetofig.  95.  Ob»ion»lj 
IhD  rute  nt  wliirh  Ilie  Knrtli's  crntre  la  upproachiDg  \hr  ecDlre  of  Vtnus 
(vhtch  mt'  r^ully  m«Hur>'ti  tha  ralr  of  encrottdimeDl)  diminitbrii 
during  iagrmi.  wliil»  fur  a  like  rmson  liir  rntr  of  pauing  off  iucrrSM-i 
during  egroHS. 

t  Properly  speaking  PlstPilS.  and  X,  only  rtinvMOl  llip  Eartli  »rMi- 
wtBly  fin-  the  mombut  when  tboonttine  of  v  v"  (fig.  98)  rroseca  the  Knrth'* 
ccotra.  Since,  as  we  see  by  the  rtota-llnca,  no  lew  thim  Sou.  6>.  are 
DOFUpied  by  [he  piK>age  of  the  ouliine  of  v  V  over  the  Eortli's  facf. 
both  at  ingreBs  sad  egrew,  the  Enrth'a  roliiiion  has  to  be  eoniiderrd. 
This,  however,  eaa  very  msity  be  ilane.  RiDce  the  latitnde  eiiwles  are 
shown,  and  the  Inrigituile  circies  are  eeparated  by  ten  degrees,  rorre- 
spondiDg  to  tlie  Rirth'a  rutntion  in  fuHy  miaatef.  ThitH  ftvm  FlatelX. 
we  BOS  that  the  emu-line  raarkMl  7m.  on  the  right  of  the  eentte  passes 
near  Jeddo.  6ul  as  the  pross-Une  oi^rnpies  ihia  position  seven  injnales 
before  it  crones  llie  Earth's  centre,  we  mnrt  put  Jeddo  back  IhroDgh  so 
am  lion  t  corresponding  to  seven  mioples'  rotalioD,  or  about  one-niilh  at 
the  distance  Bepurating  tvo  loDgitode  circlet  in  thia  aeigbbDurhoad. 
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want  stations  where  the. acceleration  is  greatest  and  where  the 
rtft'irdation  is  greatest.  The  first  lie  at  the  point  where  ac- 
celerated ingress  is  written.  We  must  not  choose  a  station  at 
this  point,  because  there  the  Sun  would  be  on  the  horizon,  and 
therefore  distorted ;  but  taking  the  line  representing  the 
places  where  ingress  is  beginning  a  minute  or  so  later  we  see 
that  it  passes  near  Woahoo  and  Hawaii.  These,  then,  are  good 
stations  for  observing  this  phase.  Three  or  four  minutes  later 
the  line  passes  Jeddo,  Bonin,  Marquesas,  Otaheite,  and  so  on ; 
and  these,  therefore,  though  not  such  good  stations  as  Hawaii 
or  Woahoo,  are  still  excellent.  We  may  note,  too,  that  at  these 
stations  the  Sun  will  have  a  greater  elevation,  the  actual 
elevation  at  different  stations  being  indicated  by  the  concentric 
circles  marked  with  degrees. 

As  respects  retarded  ingress,  we  see  that  the  best  station  is 
Crozet  Inland,  close  by  the  point  marked  retarded  ingress. 
But  Kerguelen^s  Island,  Macdonald  Island,  Amsterdam  Island, 
as  also  Kodriguez,  Mauritius,  and  Bourbon,  are  all  good 
stations  for  observing  this  phase. 

Now  let  us  turn  to  Plate  X.  to  determine  what  stations  are 
best  for  observing  accelerated  and  retarded  egress. 

It  will  be  seen  that  the  place  marked  accelerated  egress  falls 
inconveniently  near  to  the  south  pole.  Only  when  we  reach 
the  cross-lines  marked  Ilm.  and  10m.  do  we  come  on  places 
where  stations  could  be  conveniently  taken.  The  lines 
marked  9m.  and  8m.  bring  us  past  several  excellent  stations 
in  New  Zealand ;  and  then  we  come  to  stations  in  South 
Australia :  and  on  the  other  side  of  the  arrow-line  we  find 
Kemp  Island,  and  (inferior,  but  still  serviceable)  the  Macdonald 
Islands,  Kerguelen,  and  Crozet. 

Lastly,  as  respects  retarded  egress,  we  find  an  abundance  ot 
excellent  stations,  the  best  being  in  Siberia  and  Eastern 
European  Russia;  but  there  are  several  excellent  stations 
in  India ;  *  while  Alexandria  will  supply  a  very  suitable  place 
of  observation. 

•  The  very  best  station  in  English  territory,  namely  Peshawur — far 
superior  to  Alexandria  both  as  respects  the  amount  of  retardation  and 
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Tablea  At  the  close  of  this  Appendix  exhibit  the  actual 
amount  of  acceleration  and  Tetardatiom  at  tlie  several  stations 
indicated  in  tlieae  maps,  aud  at  some  olliers  not  DAnied  in 
either  pkt«. 

Now,  a»  respecta  Hallej'fl  metlmcl,  it  will  be  remembered  (see 
page  33)  that  we  have  to  con.iidcT  that  the  whole  transit  (or  at 
ioaat  the  beginning  and  end)*  »hoiild  be  visible.  We  want 
Illations  (these  will  obviously  be  nortliem  ones)  where  the 
transit  will  last  as  long  a  time  as  possible,  and  other  stations 
where  the  transit  will  laot  as  short  a  time  as  possible.  We 
sliould  therefore  naturally  loot  for  northern  slations  where  the 
tnuisit  begins  as  early  as  possiole  and  enils  as  late  aa  possible, 
and  vice  versii  as  respects  southern  stations. 

But  when  we  consider  Hawaii  and  Woahoo,  where  the 
transit  begins  at  the  earliest,  we  find,  on  turning  to  Plate  X., 
that  tlieae  slationa  will  not  suit  our  purpose  ;  for  in  Plate  X. 
they  ore  not  visible;  in  other  words,  helbre  the  end  of  transit 
Hawaii  and  Woahoo  pass  to  the  uu -illuminated  side  of  the 
Karth, — the  Sun  seta,  in  fact,  and  tlie  end  of  the  pfaeiiomeDOD 
cannot  be  seL-n.  In  like  manner,  ir we  takf  those  stationsdiown 
in  Plate  X.  which  are  most  suitable  for  olwerving  the  retarded 
^ress,  we  find  tliat  at  the  e|Mcb  represented  in  Plate  X.  tliey 
are  not  visible;  in  other  words,  they  are  on  the  un-iliuminaicd 
side  of  the  T-aTth,  or  the  Suu  has  not  yet  risen  at  these  stations 
when  transit  begins. 

It  nei-ds  hut  u  brief  study  of  the  two  plates  to  see  that  the 
stations  which  give  the  longest  duration  are  those  in  Man- 
solar  HlevHtioD — hud  vbolly  neaped  notice  until  my  ranstniFtion  of  Plate 
X.  (reducud  from  the  itiitb  plate  nf  th^  originul  series  drawn  hy  me  lur 
the  BojiilAiitronomic«l  Society,  sad  pubU«hed  in  vol.ixii.of  theirPn.- 
ertdingt)  eihibitpd  llie  adrantagrs  uf  this  Btution. 

*  This  parent heljcsl  remnrk  may  teesit  strange  ut  tnt.  sight ;  but  it 
must  ha  cemembertd  that  ihers  are  aouthern  stations  (though  I  do  not 
as)-  any  ia  this  case  ara  uvsilulile)  where  the  beginning  nf  the  tninfit 
can  be  seen  befom  tmnsel  and  llie  end  uAer  sunriBe.  It  is  only  nwes- 
BHry  to  ilai^  Flatet  IX.  and  X.  thoughtfully  in  order  to  see  Lbai  ihii 
is  the  cone. 
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cbonria,  Japan,  and  North  China,  whose  names  are  shown  in 
both  maps. 

Now,  as  regards  the  southern  stations  where  the  shortest 
duration  is  to  be  observed,  we  have  in  some  respects  a  wider 
selection,  for  the  obvious  reason  that  day  lasts  longer  at  these 
southern  stations  in  December  (a  relation  corresponding,  of 
course,  to  the  longer  portions  of  southern  latitude-parallels 
shown  in  both  maps). 

We  require  to  find  a  southern  station  where  the  transit  will 
begin  as  late  and  end  as  early  as  possible. 

All  the  stations  by  the  place  of  most  retarded  ingress  in  Plate 
IX.  are  shown  also  in  Plate  X.,  but  in  the  latter  plate  they  are 
seen  to  be  very  far  from  the  place  of  most  accelerated  egress. 
On  the  other  hand,  the  stations  near  the  latter  place  in  Plate 
X,,  though  all  visible  in  Plate  IX.,  are  seen  in  the  latter  plate  to 
be  very  far  from  the  place  of  most  retarded  ingress. 

The  best  stations  as  respects  proximity  to  both  the  place  of 
retarded  ingress  and  that  of  accelerated  egress  are  Kemp 
Island,  Enderby  Land,  t>abrina  Land,  and  those  in  the 
neighbourhood  of  these  spots.  All  are  in  very  unsatisfactory 
and  almost  inaccessible  regions  of  the  Earth^s  sur^ce. 

It  happens,  however,  that  Crozet  Island,  Kerguelen  Land, 
Royal  Co.  Island,  and  Macquarie  Island  give  sufSciently  short- 
ened transit-periods  to  afford  very  satisfactory  means  of  com-. 
parison,by  Halley^s  method,  with  the  lengthened  transit-periods- 
at  Nertchinsk  and  other  neighbouring  northern  stations. 

As  regards  the  elevation  of  the  Sun  the  difficulty  is  of  course' 
greater  at  the  northern  than  at  the  southern  stations.  iBut  at' 
all  the  northern  stations  marked  in  the  maps  the  Sun  will  have 
an  elevation  exceeding  ten  degrees  at  the  epochs  of  internal 
contact. 

On  the  whole,  as  will  be  inferred  from  the  tables  at  the  end 
of  this  Appendix,  Halley's  metliod  will  be  applicable  under 
very  favourable  conditions  during  the  transit  of  1674.* 

*  It  will  be  seen  that  I  express  in  the  above  paragraphs  the  opinion 
that  Halley's  method,  which  had  been  pronounced  '  wholly  inapplicable ' 


Before  proceeding  to  consider  certain  oihw  matt*™  heloB^ 
ing  to  ihi-  general  subject,  I  will  briefly  discuas  the  tranat  tS 

la  Ihe  trnnaiC  of  1S74,  cnn  be  applied  under  very  IsTourable  eondilkmi. 
In  vol  xxil.  of  tlie  Monlhly  Npfica  of  Ihe  Rogal  Atlnnomkal  Ivcint. 
I  huve  rxhiblteid  the  calculation?  requisite  to  indicate  Ihe  probii)il«  nl*- 
tive  vs1n«  of  Dflistp'B  and  Halleys  method  in  1874;  and  llip  rdnclaaan 
til  which  these  cak'alatlaiiB  point  ie  that  Uslleya  method  in  on  Ihevboll 
■uperioT  to  Deiiale'a.  Somewhat  before  m;  paper*  appeared,  the  Fmeh 
■Blranomer  Puieeoi  had  published  B  paper  eipreMing  his  belief  th*t 
Hallej's  method  could  be  applied  under  fonditions  suffleieiitly  farourabl* 
to  render  it  advisable  that  thai  melhod,  aa  well  »t  DelisleV.  should  be 
employed.  The  actual  rrsulla  oblained  bf  Puieem  gare  however  a 
alightl;  inrerior  position  lj>  HaUi'f'f  mtlhod.  The  difTereDce  ia  doe  la 
the  faet  that  H,  PuiaeUX  employed  approximate  instead  of  eXMt 
Diodea,  caDsideriu);  the  pasaage  of  Venue's  centre,  for  example.  Indeail  of 
iolernal  ronUets,  and  taking  no  account  of  the  equation  of  time.  Mf 
reeiilU,  not  only  as  relalei  to  the  :<eTeral  methods,  but  aa  reepecta  tlaoM 
ciHea  in  wbicli  1  deduce  different  relative  values  for  certain  stalinn* 
BuiUhle  for  applying  either  Beliale'e  and  Halley'e  method,  have  been 
■aw  abundantly  confimifd  by  the  caleulaCiona  of  Petera,  Banten.  and 
others.  They  were  never  indeed  seriously  questioned,  because  1  wai 
able  lo  point  to  the  exact  places  where  my  procesan  diverged  from 
formeT  and  lesa  exact  computationa,  and  to  show  how  difl'erences  uf 
Fonaiderable  importance  mmr  thus  lo  be  discernible  in  the  resulls.  But 
I  must  disavow  alt  desire  lo  dwell  upon  or  lo  minify  errora  eilhrr  of 
computation  or  of  plan  in  the  work  of  llie  eminent  aatronomet  who  pre- 
grded  ma  in  dealing  with  tliis  problem.  The  work  was  not  undertaken 
by  me,  as  I  fear  the  AsCroiiomer  Koyal  judged  at  the  time,  in  any  spirit 
of  raptiouB  criticiBm.  Deeply  imbued  with  a  sense  of  the  extreme 
iulvreat  and  importance  of  the  problem  of  determining  the  Sun's  dialance. 
and  attracted  to  it  aleo  by  tbe  exceedingly  beautiful  nature  of  ihe 
geometrical  eonsiderationa  it  involves.  I  worked  at  it  without  any  refer- 
ence in  ihe  Hrst  place  to  the  labours  of  olhera.  Only  when  1  found  that 
myrimultadilfercd  in  many  respectG  (which  seemed  to  me,  and  etill  seem, 
important)  from  the  Aelronomer  Royal's,  wus  I  led  lo  compare  his  pro- 
cesses with  my  own,  and  to  trace  out  the  cauees  which  led  to  Ihe  differ- 
ence in  the  results.  1  was  prepared  lo  find  I  had  lallen  into  some  error. 
As  the  reverse  appeared,  and  as  his  results  had  been  mads  widely  * 
public,  and  were,  aa  1  believed.  It>  be  made  tbe  basis  of  the  choice  of 
t4iitionB  and  methods  for  English  observers  iu  1874.  1  ahould  faav* 
been  wanting  in  my  allegiance  lu  the  cause  uf  science  had  I   t 
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In  the  first  place  it  is  well  to  have  a  picture  indicating  the 
relations  whidi  Plates  IX.  and  X.  indicate  for  the  transit  of 
1874.  The  time  has  not  yet  come  perhaps  when  so  carefulljr^ 
constmcted  a  drawing  is  needed ;  but  a  drawing  of  a  somewhat 
similarnature  is  essential  to  the  adequate  illustration  of  the  sub- 
ject. I  might  avail  myself  here  of  the  Astronomer  RoyaFs  two 
drawings,  which  will  be  found  in  Guillemin's  *  Heavens '  (and 
are  repeated,  with  Mr.  Airy^s  statements,  in  Mr.  Lockyer's 
*  Elementary  Lessons  of  Astronomy  ') ;  for  the  corrections  in- 
volved by  the  considerations  I  have  attended  to  in  tlie  case  of 
the  transit  of  1874,  have  (for  reasons  which  need  not  be 
entered  into)  a  far  less  important  effect  in  the  case  of  the  later 
transit.  But  I  do  not  find  myself  on  the  whole  content  to 
adopt  this  course,  partly  because  the  differences  (as  any  one 
will  see  by  comparing  figs.  95  and  96  with  the  Astronomer 
RoyaFs  drawings)  are  quite  appreciable  ;  secondly,  because  the 
cross-lines  which  indicate  the  passage  of  the  boundary  of 
Venus'a  shadow-cone  over  the  face  of  the  Earth  have  not  been 
separated  by  minute  intervals,  as  in  my  maps  (but  by  tenths 
of  the  total  interval  of  passage),  and  are  not  quite  correctly 
placed ;  and,  thirdly,  bewiuse  I  think  it  on  the  whole  mi»re 
worthy  of  the  student  of  science  to  give  his  own  work  in  such 
instances. 

Figs.  95  and  96  show  the  exact  presentation  of  the  Earth 

pablish  the  results  of  my  researches.  One  thing  alone  would  havA 
forced  me  to  publish  my  results — namely  the  fart  that  it  had  been  widely 
announced  that  in  1882  Bailey's  method  could  be  applied  if  certain 
Antarctic  stations  were  reached,  whereas  my  calculations  serve  to  prove 
that  there  is  absolutely  no  station  where  Halley's  method  can  be  applied 
in  1882  under  conditions  sufficiently  favourable  to  warrant  the  danger- 
ous expeditions  and  the  protracted  stay  in  AntAretic  stations  by  which 
alone  the  requisite  observations  could  be  made.  I  repeat  here,  and  ui^  as 
the  main  reason  for  the  earnestness  with  which  I  have  pressed  my  views, 
that  to  send  expeditions  to  survey  the  neighbourhood  of  the  proposed 
stations  near  Victoria  Land  and  Repulse  Bay,  and  to  select  either  of 
these  neighbourhoods  for  wintering  in  anticipation  of  the  summer 
(Antarctic)  transit  of  1882,  would  be  to  risk  the  lives  of  British  seamen 
and  men  of  science  without  any  prospect  of  adequate  return. 
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stations,  manj  of  which  are  identical  witb  those  just  referred 
to  as  well  suited  for  observing  the  retarded  ingress.  It  is 
well  that  these  doubly  fortunate  stations  are  American,  since 
our  American  brethren  in  science  are  tax  more  wurmlj  sup- 
ported by   their  Government  than  ours  are  (or   perhaps  I 
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should  any  their  cause  is  &r  more  warmly  advocated  before 
their  Government). 

Retarded  egresH  can  be  observed  favourably  in  New  Zen* 
land,  and  parts  of  Australia. 

Now,  as  respeciH  the  application  of  Halley's  method,  I  find 
myself  approaching  a  delicate  subject.  It  has  been  so  long 
asserted  (thirteen  years  at  least)  that  Halley's  method  is  only 
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applicable  in  1882,  Hint  many  will  be  disposed  to  ridicule  lh« 
notion  that  there  can  have  been  any  misiHke  in  the  nutter. 
Yet,  confident  in  the  simple  matlicraatioil  relations  d«a& 
with  (and  confirmed  aleo  by  the  view  of  the  matter  now 
Gieudily  g^rowing  amon^  mathematician  a).  I  point  to  figs.  9E 
and  96,  and  ask  wliei-e  the  slations  are  to  be  plac^  7  So  &r 
as  the  dhorleneil  transit  observed  in  northern  stations  is  con- 
cerned, there  is  no  difficulty;  wnce,  as  we  have  seen,  ll» 
commencement  of  the  transit  will  be  most  retarded  at  the 
very  atiitlons  where  the  end  will  be  most  accelerated — thai  i«i 
in  the  United  States,  Bermuda,  the  West  Indies,  and  90  on. 
But  as  regai'ds  a  southern  station  where  the  tTunait  ehiill  be 
most  leiigtbeiied,  the  case  is  not  so  simple.  The  AslroDomer 
Royal  lias  pointed  to  two  southern  stations — one  at  Repnlee 
Bay,  near  Sabrina  Lund,  and  one  near  Victoria  Lund.  These 
are  sliown  on  the  map.  There  is  a  double  objection  to  Re- 
piilse  Bay.  First,  the  Sun  will  have  an  elevation  of  but  about 
4  degrees  both  at  ingress  and  egreas ;  and,  secondly,  there  IS  no 
known  station  there.  The  '  suggested  station '  marked  in 
Mr.  Airy's  maps  {December  nnniber  of  '  Monthly  Noticee  of 
Itoyal  Astronomical  Society  '  for  ]8(!tt-09)  at  Victoria  Land, 
occnpies  a  H[>ot  on  a  shore  line  (explored  by  Captain  Sir  J.  C. 
Russ)  so  prmpitouR  that  Roiw  could  not  approach  it,  though 
he  would  '  readily  have  given  hie  right  arm  '  for  an  anchcnge  ' 
there.  At  Posscasion  Island  newr  by,  a  place  wliere  liis  men 
landed  but  were  compelled  to  leave  ii_v  the  fciirful  odour  of  the 
acctimulated  pcngiiin  guano,  tlie  Sun  would  liave  the  tot&Uf 
insuHicient  elevation  of  but  about  5  degrees  at  Ingreaa. 

Now,  remembering  that  it  has  been  shown  by  skilful  Arctic 
and  Antarctic  seamen  that  to  make  observatinns  at  these  so- 
called  stations  on  December  G,  1682,  a.stronoiners  would  have 
to  winter  thtre  (making  tlieir  way  to  them  in  February  or 
March,  18»a,  ut  ktest),  it  surely  will  not  be  thought  tiuu 
the  poor  observalions  which  could  alone  be  made  on  a  Sun  bat 
4  or  5  degrees  nimve  the  horizon  are  worth  the  expense  and 
p-eat  risk  which  must  m-eds  be  involved.  But  even  if  they 
were,theno/or(i'ori'wouldthi>appJieation  of  Halley'a method  in 
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1874  be  called  for ;  since  I  have  been  able  to  demonstrate 
that  without  seeking  such  dismal  regions,  a  more  favourable 
opportunity  will  be  afforded  in  1874  than  in  1882,  even  on 
the  supposition  that  the  selected  stations  were  visited  during 
tlie  latter  transit.  And  tliis  result  has  been  confirmed  by 
mathematicians  of  eminence. 

As  regards  other  southern  stations  in  1882,  it  needs  but  a 
brief  study  of  6gs.  95  and  96,  to  see  that  none  are  available. 
All  the  stations  on  the  right  of  the  arrow-line  in  fig.  95,  ar.d 
dose  by  the  arrow-feather,  are  unseen  in  fig.  96 — that  is,  the 
Sun  has  set  at  those  stations.  The  barren  Antarctic  land  south 
of  Cape  Horn  (Graham  Land)  is  not  very  favourably  situated  in 
fig.  95,  but  in  fig.  97  has  passed  over  to  the  wrong  side  of  the 
central  cross-line;  in  other  words,  there  is  acceleration  of 
egress  instead  of  the  needed  retardation.  Similar  remarks 
apply  to  the  southern  parts  of  South  America.* 

So  far,  then,  is  it  from  being  true  that  Halley's  method  is 
wholly  inapplicable  in  1874  but  is  applicable  under  fiivour- 
able  circumstances  in  1882,  that  the  exact  reverse  is  the  ca^e. 
Halley^s  method  is  even  better  than  Delisle^s  in  1874,  and 
is,  wholly  inapplicable  in  1882.t 

*  The  reasoning  in  the  note  beginning  on  p.  37  will  be  found  to  be 
well  illustrated  by  a  comparison  of  Plates  IX.  and  X.  with  figs.  95  and 
96.  It  will  be  seen  that  in  the  transit  of  1874  the  rotation  of  the  Earth 
carries  the  northern  stations  the  wrong  way  as  regards  that  lengthening 
which  is  required ;  while  in  the  transit  of  1882  the  northern  stations  are 
carried  the  right  way  for  the  shortening  which  is  required.  As  to  the 
southern  stations,  it  will  be  seen  how,  according  as  they  lie  above  or 
below  the  pole  (as  shown  in  the  mapi<),  the  lengthening  or  shortening 
can  be  increased  or  diminished.  It  is  the  fact  that  no  stations  below 
the  pole  are  suitable  in  1 882,  which  spoils  the  otherwise  sound  reasoning 
of  the  Astronomer  Royal. 

t  It  will  be  seen  from  fig.  93  that  the  path  of  the  Earth  crosses  the  sur- 
face of  the  shadow-cone  much  more  obliquely  in  1874  than  in  1882 ;  and,  as 
this  path  is  as  it  were  the  reflexion  of  the  apparent  path  of  Venus  over  the 
Snn*s  disc,  Venus  crosses  the  limb  much  more  obliquely  in  1874  than  in 
1882.  Thus  the  actual  progress  of  ingress  and  egress  must  take  place 
mnch  more  slowly.  Mr.  Stone  believes  that  all  time-errors  will  be 
correspondingly  increased.    The  comparison  above  referred  to  is  founded 
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e  brought  into  cotnpariBon.  any  error  affecting  the 
B  or  A  from  c  will  teod  to  produce  its  full  effect 

'  diniinisliing  fhe  pumllaciic  dixplaceitient  Bepamong 
A  and  B.     But  now  Buppof«e  tliat  a  and  b  in  II.  repretiint  the 

on  this  opiuioil.  very  unraroimible  to  tnr  r 

own  loiiviction  that  thougb  Iha  time-arrots  will  be  ]<af; 
1874  tbejr  will  not  l>«  proportioiulcl}'  incrmnHd.  The  alownGoi  at  In 
and  epega  ^•ill  give  Ibe  obaeirar  an  opportunity  of  observing  tlie  tta 
of  iugnuB  and  pgress  more  latiBracloril;.  Eapwiatly  if  my  tuggt 
is  atb'ndei]  to  aa  rcgsnlH  ths  breudth  of  Ui?  ligoniciil  at  tlxi  numia 
bre&king  or  fonning  Ism  p.  63)  vill  tliia  bti  Ilia  caw.  Apnrt  frVB 
as  all  the  time'diiroreDceB  ara  iDcrea»i>d  jimciselj  ia  pmpiirtluD  10  lb 
tdowncsa  of  iugn-BB  or  rgptm.  a  Tery  ilaDting  jn 
lis  fuvourabld  as  a  mor<:  ilinvt  one. 
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trae  apparent  positions  of  Venus  as  seen  from  the  two  stations 
— a,  by  and  c  (the  centre  of  the  Sun's  disc),  lying  on,  or  nearly 
on,  a  line.  Then  it  is  clear  that  a  small  error  of  bearing  will 
produce  no  appreciable  effect  in  increasing  or  diminishing  the 
parallactic  displacement  separating  a  and  b. 

Hence,  since  distances  are  much  more  easily  determined 
than  bearings  in  observations  such  as  are  here  considered,  it 
is  obvious  that  if  we  select  pairs  of  stations  where  the  paral- 
lactic displacement  of  Venus  will  be  along  a  radius  of  the 
Sun's  disc,  the  resulting  estimate  of  the  distance  of  Venus  is 
much  more  likely  to  be  correct  than  in  any  other  possible 
case. 

Now,  if  we  inquire  what  are  the  conditions  to  be  fulfilled 
for  this  purpose,  we  shall  find  it  exceedingly  easy  to  obtain  a 
geometrical  means  of  determining  what  the  answer  should  be. 
Lines  drawn  to  Venus  from  two  stations  on  the  Earth  meet 
the  Sun's  disc  on  a  radius^  if  they  are  to  fulfil  the  required 
conditions.  In  other  words,  these  lines  are  in  a  plane  which 
passes  through  the  Sun's  centre,  and  of  course  they  are  in  a 
plane  through  Venus's  centre,  since  each  passes  through  that 
centre.  Hence  they  are  in  a  plane  through  the  axis  of  the 
cones  shown  in  fig.  92 ;  for  this  axis  passes  through  the  cen- 
tres of  Venus  and  the  Sun.  But  a  plane  through  the  axis  of 
these  cones  must  intersect  such  a  section  as  v  v'  in  figs.  92 
and  93  in  a  radial  line.  Hence  the  two  terrestrial  stations 
must  at  the  moment  of  observation  be  on  a  line  through  0  in 
fig.  93.  Now,  the  slanting  lines  over  Plate  VIIL  are  such 
radial  lines  ;  and  therefore  any  two  stations  which  in  any  figure 
of  this  plate  lie  along  one  of  the  slanting  lines  fulfil  the  required 
conditions.  They  must,  however,  be  as  fiir  apart  as  possible. 
For  example,  taking  the  fifth  picture  of  the  Earth  in  Plate  VIH., 
we  see  that  Japanese  stations  and  a  station  near  Crozet 
Island  could  be  very  effectively  combined  at  the  hour  named 
imder  this  particular  presentation  of  the  Earth. 

Of  course  the  best  of  all  such  opportunities  would  arise 
when  the  two  stations  lay  near  opposite  extremities  of  one  of 
the  cross-lines  traversing  the  middle  of  the  Earth's  disc. 
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B  III. — Places  where  Egress         Tjlblb  IV. — Places  where  Egress  is 
is  accelerated.  retarded. 


Station 


Victoria  Land 
session  Ilnd.) 
Land    . 
)eU  Island 
Id. 

arie  Island 
im  Island 
•buiy  (N.Z.) 
igton 
a  Land  . 
by  Land 
Uo.  Island 
md 

Island  . 
t  Town  . 
orne 

7    • 
de 

elen  Land 

.  Island  . 

(Australia) 


Sun's 

Accele- 

eleva- 

ration in 

tion 

minutes 

deg. 

m. 

250 

11-4 

340 

10-6 

260 

10-3 

300 

10-3 

320 

9-8 

160 

9-8 

22-5 

9-3 

200 

9-2 

430 

9-2 

390 

8-6 

420 

8-5 

19-2 

8-5 

610 

7-6 

40-0 

7-6 

43.0 

6-6 

37-2 

6-6 

478 

6-8 

671 

6-0 

47-5 

4-2 

66-2 

3-6 

Station 


Orsk 

Omsk 

Astracan 

Aleppo    ; 

Peshawur 

Alexandria 

Suez 

Nertchinsk 

Delhi       . 

Tsitsikar 

Bombay  . 

Pekin 

Kirin-Oula 

Tientsin. 

Calcutta 

Aden 

Nankin    . 

Madras    . 

Shanghai 

Canton    . 

Hongkong 


Snn's 

Retar- 

eleva- 

dation in 

tion 

minutes. 

deg. 

m. 

12*5 

11-8 

11-6 

11-7 

120 

11-6 

14-6 

10-5 

31-5 

10-3 

140 

100 

161 

9-8 

10-1 

9*8 

380 

9-4 

120 

8-7 

460 

8-6 

21-0 

8-6 

14-0 

8-4 

171 

8-4 

46-3 

8-2 

30-0 

7-8 

27-0 

7-6 

62-0 

7-4 

26-0 

72 

37-0 

6-6 

37-0 
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Tabls  V. — Sltotcing  tlie  actltol  diffcmrr  of  dtiralioa  wfeTI  « 
r'l  minfe  bttttem  differtnl  rfatiutu. 
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H3-(l 
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«fH 
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mi 
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21 -ft 
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18'S 

17-0 

18-fl 
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ECLIPSES, 

Solar  Eclipses  play  so  important  a  part  in  aiding  our  study 
of  the  Sun,  that  this  work  would  be  incomplete  without  an 
account  of  the  laws  according  to  which  these  phenomena 
occur.  Even  lunar  eclipses  bear  significantly  on  certain 
questions  of  solar  physics ;  so  that  since  the  two  orders  of 
eclipses  cannot  very  well  be  considered  apart,  the  general 
theory  of  eclipses  will  be  presented  in  this  essay.  This  is 
the  more  desirable  because  in  all  the  popular  treatises  on 
astronomy  with  which  I  am  acquainted  the  subject  of  eclipses 
is  but  inadequately  dealt  with.  I  wish,  without  entering 
into  the  discussion  of  minutiae,  to  convey  a  clear  idea  of  the 
orderly  sequence  which  characterises  the  occurrence  of 
eclipses. 

Let  the  reader  first  endeavour  to  conceive  the  Moon^s  orbit 
as  a  ring  accompanying  the  Earth  as  she  moves  onward  in 
her  path  round  the  Sun.  This  ring  is  not  truly  circular,  nor 
is  the  Earth  at  its  centre,  nor  does  it  occupy  a  fixed  position 
in  space,  nor  is  its  size  invariable ;  but  all  these  points  we 
may  for  the  moment  overlook.  The  one  point  to  which  I 
desire  the  reader  to  direct  his  special  attention  is  the  &ct  that 
this  orbit  (neglecting  perturbations)  is  to  be  conceived  as  ac- 
companying the  Earth  and  shifting  parallel  to  itself  along  the 
Eartirs  orbit ;  so  that,  as  seen  from  the  Sun,  this  orbit 
changes  in  shape  precisely  in  the  same  way  that  the  Earth^s 
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eqiuti-r  changM  during  tb©  cf>ur«  of  a  yfar.  The  ori>ii  may 
be  aaXi  in  ikcUaluive  its snniuieraiui winter  sn<]  iUie(|uHi'M:i^ 
correspoiiJiiitf  lo  ihe  epochH  when  it  is  iJlteil  wiili  itn  nanhem 
or  souiheni  aide  towards  the  Snn.  nr  when  its  plaii*  a  tunird 
directly  towards  him.  Tlie  orbit  opens  not  and  ^nf*^  n]* 
precisely  us  tlie  riug-Hysiem  of  datura  does,  only  in  die 
course  iifi-atlior  Ii-bh  than  a  yoHrinstend  tifuHirly  thirty  jt«n?», 
and  alwi  within  mudi  nnrmwer  limits  of  ehung«. 

There  R re  reawns  which  render  it  iinHtiviBable  tn« 
to  illustrate  the  niotiou  of  thi?  Mooii'h  urhit  arut 
directly;  the  chief  being  that  i]ie  distunev  of  tha 
the  Sun  ao  enormously  exi^erds  the  dijimetw  of 
orbit  that  a  picture  acctirately  drawn  to  scnle  null 
ahow  tlie  Sloon's  orbit  ought  lo  be  several  yarda 
On  the  other  hand,  picture's  not  diitwn  to  bdhIb  arat 
Huti^ruetory  it  I  usl  rut  inns  of  iistrontiuriont  rebtions.* 

Let  us,  however,  picture  the  Moon's  orbit,  rs 
be  seen  from  the  Sim's  cedtru  nt  diflVreut  eiKicbs 
around  that  orb. 

First  of  all,  let  lis  (.-onnideT  the  orbit  when  ao 
ap]iear  like  u  straight  line  iicroaH  the  Earth's  diec, 
as  elinwnall,  in  fig.  98;  in  whifh  E  represents  tiie 
ihe  MiH>n's  orbit,  h  the  Mi>on  at  a  point  on  her 
merely  lo  indicate  her  rehitive  diiaeiiBJona)  ;  and  tlie 
a  port  of  (he  Eiirtli's  path  ( that  in,  n  part  of  the  eelj] 
arrow  on  this  line  shows  the  direction  in  whioli  tbm'  _ 
moving  while  the  small  arrow  on  ni  m'  sbovrs  the  direction 


•  I  nm  coiivinceJ  Ihnt  a  large  purt  of  the  perpUiitj  whi^h  U 
nnd  fhou^btfi^I  rciulprs  experience  id  thedO'l;  ofnsIroDaaiieKl  wort*  [■( 
due  tu  Ihe  ineorivi-t  proportions  of  tht<  Itpireil  objects  -urliits.  g 
aud  no  un.     I  belitce,  itlao,  that  bnt  for  llirve  innnvtruas  picttUM  thai 
chnrloiiiDs  who  pretead  Ihey  think  Ihe  Earth  a  ptsnu  ur  tli*  like,  woolill 
nut  Hud  hearers,  si  ill  lets  (bb  tlie7  do)  belieVHm.     1  know  niauy  vuitliy  I 
people,  far  from  vanting  in  ubililiet,  irha  nal;  belii'Ve  tho  llimHn  oT 
CoperaicuB,  Kepler,  and  Newton,  on  ihe  acoro  of  aulhontj, — Dot  l^ 
the  uridence  in  attninumicol  trcatiiei  leeniB  to  Ibemei; 
intelligible. 


SIoTTi's  motion.      It  ia  to  be  noied  tliat  the 

[(1  lif  on  the  neflrer  part  oClier  urlijt  in  all  tlie  jTt 

iududeJ  in  tig.  9ti. 

Kow,  tlie  Kanh  moving  off  towards  the  left,  while  the  orbit 
m  m'  uirivca  along  with  lierund  imrallel  to  itself,  it  ia  perlectly 
B  liiat  we  shall  begin  to  see  tlie  orbit  open  out,  its  lower 
side  (re^urding  it  ua  n  plane)  becoming  viaible.     In  other 


IllaDtruiiug  tlii'  appiirent  dmngrs  uf  tLi'  figur 

as  HUpposeU  tti  be  vivwrd  from  t  be  t 


^wordi^  it  will  begin  to  asBume  aiic'i  an  appearance  aa  is  fhown 
\  II.  the  nearer  half  upprrnioBt  and  the  Klope  diminished  (the 
ea,  letters,  and  atTowa  represioiting  the  xame  relatione  as 


But  to  eimplify  msticrs  at  this  Stage,  let  1:8  consider  the 
Bunges  in  another  aspect.  Since  the  Earth  is  going  off  towards 


J 
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tlie  left  and  round  tbe  observer,  who  is  tuppo^  lo  t»u 
Han'a  centre,  it  is  plain  thnt  the  eame  changes  wiU  take  pbu 
in  the  nppcaniiice  of  the  Moon's  orbiL  as  fliou|!)i  the  Liilfr  rr- 
tnbined  lixednnd  the  observer  set  ofTtownrda  tli«  right,andH 
went  round  t)ie  Earth.  But  we  get  the  mme  changes  of  view  in 
going  round  an  object  as  though  we  remained  «till  atul  the 
object  Bimply  turned  round.  Forexaniple,let  fig.  99[*[»Bi«ii 
a  plant  in  a  flower- pot,  and  su]]pase  that  nn oImottBT, 
Fio,  99.    keeping  hia  eye  on  a  level  with  the  rim  of  the  flowm- 

ipot,  went  round  the  pot,  setting  off  towards  the  tighli 
then  it  ia  perfectly  obvious  that  he  wnnid  see  thi 
/  \       same  Hucccsaive  views  of  the  phint  as  though  he  » 
hE\       niuined  alitl  and  the  ttower-pot  were  slowly  (ipirW 
ttt      (notWiiyi«d)by  nieansoftheeuspeiidin^  c 
Jj       direction   indicated  by  the  arrow.     Applying  this 
conaidt^ration  to  the  case  iu  hand,  we  may  conceiTS 
E  in  fig.  9t4  to  be  slowly  roiAipd  on  tJ»e  axis  a  a',  carrying  tbe 
orbit  M  m'  with  it,  as  if  tluit  orbit  were  rigidly  nttaehed  lo 
E  ;  the  rotation  being  encb  as  to  carry  tlit?  netiner  port  of  dte 
orbit  towards  tlie  left.     Then  alt  llie  diangcs  of  appeanmcv 
will  be  precisely  tbe  sunia  as  occur  in  the  actunl  c 
which  the  Earth  moven  bodily  olT  towards  the  left  around  die 
observer  io  the  Sun.* 


■  This  mode  of  coniideiing  tlia  mfo  is  pot  only  vtrf  ec 
(his  ap<«inl  instnuce.  but  ahm  in  many  otti<T  vttfa.  In  rach  ■  my,  • 
much  i^lcnrer  conception  muy  lie  formed  of  thn  onlpilv  murf^sian  of  lb* 
■TDBoni  (sf  I-  my  San  Vuwe  of  tJit  Earth)  thsn  by  thu  ordinuy  wrj  of 
(■ODc^c^iviii^  the  EhtiIi  on  her  progrras  uroDpd  llie  Sun.  n  niDre|«l>ia 
rendered  difficult  to  the  genemi  n?&der,  iia  nrnmnl  t\f  tlie  twnbid 
orders  of  clionge— clmniie  of  place  sod  chnDgc  «(  reUlin  bnuing — 
which  hnrr  lo  bo  attended  lo.  In  like  nunner,  the  diniigf*  in  the 
itp]i«araLioe  of  the  Suturnian  ring-nyMeiii.  u  auppoicd  to  b«  mn  '■ 
the  ?iin,  Hra  fur  lietler  andontood  iu  iIiin  VN,r  than  in  uiy  otJier. 
general  principle  uii  vhifh  iJiis  mnle  of  eoMidering  mich  < 
ilepcnda  mny  be  thue  vnuncinted: — fTAni  a  hodi/  iir  nyttrin  ti^/h 
2iaraUii  to  ittdf  tu  il  cwWm  around  a  rentrt.  tin  chamgtt  i* 

■e  '/  tit  hody  or  eytfrm,  tu  tuppotrd  lo  bt  aiwn  /w>»  Ik 
pnvitrly  lAg  eamr  lU  Itiaa^h  IIk  body  or  K/t!eiii  r 
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The  reader  will  at  once  see  how  the  successive  appearances 
represented  in  %.  98,  from  I.  to  IX.,  would  result  from  this 
simple  rotation  of  the  whole  scheme  upon  a  a'.*  We  see  the 
orbit*ring  opening  out  and  becoming  level,  closing  up  and 
becoming  inclined  with  the  lefb  extremity  uppermost,  opening 
out  again  and  again  becoming  level,  and  lastly  closing  up  and 
becoming  inclined,  as  at  first,  with  the  right  extremity  upper- 
most. The  whole  rotation  is  supposed  to  take  place  in  the 
course  of  a  year,  because  the  Earth  takes  one  year  in  completing 
her  circuit.  Further  on  we  shall  have  to  consider  a  pecu- 
liarity which  causes  all  these  changes  to  take  place  in  rather 
less  than  a  year ;  but  for  the  present  we  are  not  concerned 
with  details  of  the  sort. 

Now,  it  only  needs  a  glance  at  fig.  98,  to  see  that  when  the 
orbit  is  presented  as  at  I.  there  will  be  an  eclipse  of  the  Earth 
if  the  Moon  is  on  the  nearest  part  of  her  orbit,  and  an  eclipse 
of  the  Moon  if  the  Moon  is  on  the  farthest  part  of  her  orbit. 
For  it  is  to  be  remembered  that  we  are  supposed  to  be 
stationed  at  the  Sun  ;  so  that  if  m  hides  any  part  of  £  from  us 
(i.e.,  from  the  Sun)  that  part  of  £  must  be  in  shadow ;  while 
if  E  hides  any  part  of  M,  or  the  whole  of  m,  from  us,  that  part 

right  angles  to  the  plane  of  its  actual  orbit,  in  a  direction  contrary/  to 
that  of  its  real  motion,  and  in  the  same  period.  In  such  a  case  as  the 
illustration  of  the  EartVs  seasons,  we  must,  after  considering  each 
change  of  bearing,  consider  the  effect  of  a  complete  rotation  of  the 
Earth  on  her  own  axis ;  just  as  in  the  case  dealt  with  in  the  text  we 
consider  the  Moon's  revolution  in  her  orbit  in  addition  to  the  successive 
changes  in  the  aspect  of  the  orbit  In  my  Sun  Views  of  the  Earth  the 
twelve  successive  plates  correspond  to  twelve  changes  in  the  Earth's 
general  presentation  towards  the  Sun  during  the  course  of  the  twelve 
months,  while  the  four  pictures  in  each  plate  correspond  to  the  changes 
in  the  course  of  a  day  (at  intervals,  therefore,  of  six  hours),  owing  to 
the  Earth's  rotation.  So  illustrated,  this  method  of  considering  the 
Bulject  of  the  seasons  becomes  singularly  simple  and  truthful. 

*  Of  course  the  arrow  on  m  m',  and  the  globe  of  the  Moon  at  m,  are 
simply  put  in  each  figure  at  that  part  of  the  orbit  which  is  most  con- 
venient, and  are  not  supposed  to  be  carried  round  with  the  rotation 
here  specially  dealt  with. 


— a  quarter  of  h  year  Inter- 
wherever  tlie  Moon  may  be  i 
wlieii  the  orhit  is  presented  as 
results  as  at  the  beginning; 
when  the  nrbit  is  presented  na 
The  figure  ia  lirawn  aa  ncsriy 


[  III.,  there  can  be  no  eclip^<^ 
lier  orbit,  A  quarter  later, 
;  v.,  the  same  state  of  things 
id  yet  another  quarter  later, 
VII.,  no  eclipse  is  poaaible. 
lie  to  scale,  and  we 


I 


i  that  tlie  intermediale  preaenlationB  of  ihe  orbit  as  at  IL,  III., 
VI.,  and  VII.,  are  such  tliat  there  can  be  no  eclipses.  We  iufer, 
therefore,  that  eclipses  can  only  happen  when  the  orbit  ia  pre- 
Hented  as  sliown  iit  I.,  and  for  some  relatively  short  time  before 
and  alYer  that  epoch.  At  such  times,  whenever  the  Moon  (u) 
croeaes  the  place  of  E,  on  tlie  nearer  or  farther  ha'f  of  h's  orbit, 
an  eclipse  must  occiir.  But  alter  ihut  eclipse-aeaiiOQ  (if  I 
may  invent  a  word)  has  passed  there  can  occur  no  eclipaee  of 
eitlier  sort  until  nearly  half  a  year  has  passed  and  the  presen- 
tation of  the  orbit  has  approached  thut  shown  at  V.  Then,  for 
a  while,  ectipAca  are  poi«ible-  Lastly,  alter  this  eclipse-season 
has  pissed,  another  period  of  nearly  half  a  year  paaaes  during 
which  eclipses  cannot  happen.     And  so  on  continually. 

All  this  is  perleclly  simple  and  obvious.  The  recognitiOR 
of  the  fact  that  these  eel  ipse- seasons  recur  at  intervals  of 
about  balf-a-year  tt^nds  also  importantly  to  simplify  the 
conaidenition  of  the  whole  matter.  Let  me  note  in  pasung 
that  the  term  eclipse-seoaoa  is  not  ill-chosen,  inasmuch  aa 
one  eclipse  at  least  must  needs  takes  place  while  the  presen- 
tation of  the  orbit  is  clianging  through  the  critical  aspecta, 
such  as  L.  v.,  IX.  (fig.  98),  and  so  on. 

But  let  us  now  enter  somewhat  more  into  details.  And 
lirst  let  us  inquire  how  mucli  the  orbit  m  m'  mutit  be  opened 
out  in  order  that  the  Moon  (w)  may  i«ss  clear  of  e,  whether  on 
the  nearer  or  farther  side,  in  such  sort  that  there  may  be  no 
eclipse. 

We  have  hitherto,  for  convenience,  supposed  die  observer 
at  Ihe  Sun's  centre.  But  now  we  must  give  him  liberty  to 
Iraverw  the  whole  of  the  Sun's  globe;  or  rather  we  may 
suppose    that    millions  of  eyes  placed    all    over   tlio   Sun's 
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surface  are  viewing  the  changes  pictured  in  fig.  98.  For  if 
aiiy  part  of  the  Sun  is  concealed  from  the  Earth  or  Moon  a 
solar  or  lunar  eclipse—  partial  or  otherwise — is  in  progrei>s. 

Now,  suppose  the  Earth  and  Moon,  as  seen  from  the  Sun*s 
centre  when  the  Moon  is  passing  close  by  e  in  fig.  98,  to  be  re- 
presented by  the  discs  e  and  M  (fig.  100.)  Then  M  is  either 
on  this  side  of  e  or  beyond  e — that  is,  it  is  either  new  Moon 
or  full. 

First,  suppose  M  on  this  side  of  e.     Then  if  our  observer 

Fio.  100. 


leaves  the  Sun's  centre,  and  goes  to  the  uppermost  point  of  the 
Sun's  surface,*  both  e  and  M  will  peem  lower  down  on  the 
backgroimd  of  the  heavens — e  by  about  sixteen  minutes  of  arc 

*  I  use  here  the  familiar  expression  uppermost  and  further  on,  the 
familiar  expression  lowermost.  It  is  not  always  the  case,  however,  that 
familiar  expressions  are  the  most  intelligible.  I  could  cite  instances 
from  several  popular  works  on  astronomy  to  show  that  the  use  of 
fiimiliar  and  ordinary  expressions  may  result  in  the  most  perplexing  and 
iu  reality  untrue  statements.  In  the  present  instance,  the  term  upper- 
most refers  to  the  relations  presented  in  fig.  100,  and  the  uppermost 
point  on  the  Sun  will  be  readily  understood  to  signify  the  point  on  the 
Sun  corresponding  to  the  point  e  on  the  globe  b  representing  the  Earth. 
In  any  general  sense,  the  term  uppermost  has  no  meaning  as  applied  to 
the  celestial  bodies,  and  must  be  clasi^ed  in  the  same  category  with 
many  expressions  (too  often  met  with  in  scientific  treatises)  whose  very 
simplicity  is  misleading. 
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(half  the  Sun*s  diameter  as  seen  from  the  Earth),  M  somewhat 
more  as  being  nearer  to  the  Sun.  And  a  very  little  considera- 
tion will  show  that  M  will  be  thus  thrown  downwards  with 
respect  to  e,  to  a  position  as  m',  such  that  m  fn^  bears  to  c  si 
the  same  proportion  that  the  San*s  semi-diameter  (as  seen  at 
the  time  from  the  Earth)  bears  to  the  Moon's.  On  the  other 
hand,  if  onr  observer  proceeds  to  the  lowermost  point  of  the 
Sim*s  surface  he  will  see  the  Moon  projected  as  far  upwards, 
or  to  the  position  \l"  m".  And  clearly,  by  shifting  his  place  to 
other  portions  of  the  Sun's  eagQ  as  seen  from  the  Earth,  he 
would  see  the  Moon  shifted  in  other  directions ;  the  whole 
region  covered  by  the  Moon  during  these  excursions  corre- 
sponding to  the  circle  m'  m",  whose  diameter  bears  to  the  dia- 
meter of  M  the  same  proportion  which  the  Sun*s  apparent  dia- 
meter, added  to  the  Moon's,  bears  to  the  Moon's  diameter  alone. 

Now,  if  any  portion  of  this  circle  m'm"  overlaps  the  circle 
E  «,  there  will  be  a  solar  eclipse ;  and  this  amounts  to  saying 
that  if  half  the  lesser  axis  of  the  oval  orbit  m  m'  in  fig.  98  be 
less  than  the  amount  corresponding  to  c  «'  togetlier  with  c  m'  in 
fig.  100,  there  will  be  a  solar  eclipse  when  the  Moon  is  passing 
by  E. 

And  clearly  we  sliall  have  precisely  the  same  relations  when 
the  Moon  is  close  by  e  on  the  further  part  of  the  orbit.  The 
only  difference  in  the  reasoning  depends  on  the  circumstance 
that  when  our  imagined  observer  goes  to  the  uppermost  part 
of  the  Sun,  the  Moon  is  raised  instead  of  lowered  with  respect 
to  the  Earth,  and  vice  versa.  But  we  still  get  a  circle  such  as 
m'  m"  in  fig.  100. 

Hence  it  appears  that  so  long  as  the  orbit  vi  w!  in  fig  98  has  no 
greater  opening  than  that  corresponding  to  the  sum  of  the 
diameters  of  the  circles  e  e'  and  ivl  m"  in  fig.  100,  there  will  be 
a  solar  or  lunar  eclipse  when  the  Moon  is  passing  by  E 
(fig.  98)  either  on  the  nearer  or  further  part  of  her  orbit. 

But  we  can  readily  tell  (with  sufficient  approximation 
for  our  present  purpose*)  how  long  the  orbit  m  m!  {^^,  98) 

*  I  have  purposely  omitted,  80  far,  all  reference  to  certain  circum- 
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takes  in  changing  from  the  appearance  shown  at  I.,  V.,  and  IX. 
to  such  a  degree  of  opening  as  enables  the  Moon  to  pass  by  E 
without  an  eclipse,  and  thus  we  can  readily  tell  what  must 
happen  during  our  *  eclipse- seasons/ 

For  this  purpose,  we  may  now  take  into  consideration  a 
circumstance  hitherto  lefl  out  of  sight — the  fact,  namely,  that 
the  Moon^s  orbit  does  not  move  strictly  parallel  to  itself.     It 
would  do  so  were  the  Sun  powerless  to  disturb  the  Moon's 
motions  around  the  Earth.     But  as  a  matter  of  fact  the  Sun 
largely  influences  those  motions.     Much  in  the  «ame  way 
that  by  acting  on  the  protuberant  mass  of  the  Earth's  equa- 
torial regions  he  causes  the  Earth's  axis  to  sway  conically 
round  the  direction  of  a  perpendicular  to  the  Earth's  orbit — 
making  the  pole  of  the  heavens  travel  in  a  circle  around  the 
pole  of  the  ecliptic  in  a  period  of  more  than  25,000  years — 
so  he  causes  the  line  through  the  Earth  at  right  angles  to  the 
Moon's  orbit  to  sway  conically  round  the  direction  of  a  per- 
pendicular to  the  Earth's  orbit,  making  the  pole  of  the  Moon's 
orbit  travel  in  a  circle  around  the  pole  of  the  ecliptic  in  a 
period   of  rather   m(»re  than    18^   years,    or,   more   exactly, 
6793-391080  days.     The  motion  of  the  nodes  of  the  orbit- 
that  is,  of  the  points  in  which  the  orbit  crosses  the  plane  of 
the  Earth's  orbit — isprecessionalj  like  the  corresponding  motion 
of  the  nodes  of  the  Earth's  equator — that  is,  the  nodes  advance 
as  it  were  to  meet  the  Moon.     It  is  easy  to  see  the  effects  of 
this  motion  on  the  reasoning  applied  to  fig.   98.      Suppose 
m  E  w!  (fig.  101)  to  represent  the  line  in   which  the  plane 

stances  which  affect  the  details  above  considered,  without  affecting  the 
general  reasoning.  For  example,  the  orbit  of  the  Moon,  as  seen  from 
the  Sun,  is  not  truly  an  ellipse  around  the  Earth  as  centre  (without 
referring  to  perturbations  or  the  like).  Hegarding  the  Moon's  orbit  for 
the  moment  as  a  circle  about  the  Earth  as  centre,  a  diameter  of  this 
circle,  as  seen  from  the  Sun,  would  not  appear  to  be  bisected  at  its 
real  point  of  bisection — unless  it  were  at  right  angles  to  the  Hue  of 
view — for  its  two  halves  would  not  be  at  exactly  equal  distances  from 
the  supposed  observer.  This  and  many  other  similar  points,  though  all- 
important  in  an  analysis  of  the  details  of  eclipses,  may  be  safely 
neglected  in  considering  the  general  aspect  of  the  subject. 


I 
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of  the*  Miion's  orbit  around  the  Enrth  (e)  i 
jilune  of  tlie  Eartli's  orbii  round  tin-  Sun  (s)  ;  m  e  m!  is  ilien-- 
Ibre  the  line  of  ihe  Mrmn$  node>.  Then  ut  the  tnd  of  a 
yenr  when  the  Earth  is  Hgain  at  e,  the  line  of  inierBection 
will  have  tukea  up  such  a  position  iia.  n  £  n'.  tio  that  it  i* 
obvious  that  before  the  Enrth  came  to  E,  or  when  she  wu 
plnced  aoniewliAl  as  at  e,*  the  nodal  line  had  passed  through 
the  Sun.  Now,  it  would  bo  easy  to  determine  geometrically 
where  e  should  fall ;  but  there  is  in  this  and  all  bimilar  caws 
a  far  sinipler  mode  of  determining  the  intervals  between  the 
successive  coniurrenceB  of  the  nodal  line  with  the  line  joining 
the  Sun  and  Earth.  We  see  that  if  the  nodal  line  moved 
paruUo!  to  ilself  aa  from  i«  in'  (_lig.  101),  to  /  I',  and  su  on,  it 


Fio.  101. 
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would  seem  to  revolve  with  respect  to  the  li 
Earth  in  the  direction  shown  by  th*'  arrow  ne 
years  would  make  18-fi  revolutions  in  this  dit 
about  18'6  years  the  nodal  line  travels  one 
same  direction,  owing  to  the  perturbalive 
■  9  «  is  nut  quite  psnilH  <o  h  e.  but  inclined 
would  nii^et  lownrda  »'  e.  It  is  plain  that  if  s  ir  wi 
then  when  thf  Eurt.h  vaa  at  e  the  Moon's  Bodal  lini 
rsHflied  the  dirrcliait  n  ■',  would  not  have  ouincided  with  Ibe  liae 
to  the  9un.  ihe  end  corresponding  to  n  fnlling  in  that  chk  below  i  ». 
The  l^rth  would  not  therefore  hnre  goue  quite  fax  enough  nnind 
towards  b.  The  ime  place  of  t  is  therefore  such  as  described. 


e  from  s  to  the 
r  I,  and  in  18-6 
K:tion.  But  in 
!  round  in  this 
effects  already 
90  that  the  line* 
¥  parallel  to  n  i. 
hating  fuUj 
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tvfifrred  to.  Heoce  in  all.  in  the  course  of  I8'C  jeara,  it  makea 
19C  rerolutious  in  this  direcuon.  Therefore  it  makes  one 
revolution  in  y3(tha  of  a  year  (approximately),  or  about 
34G'fl  dayBjBotiiut  half  of  this  time,  I73*3  dnys,  or  about  five 
monilis  and  three  weeks,  is  the  niciiii  interval  at  which  our 
cclijise- seasons  succeed  eiich  other. 

Now  the  greatest  openinj;  of  the  Moon's  orbit  as  seen  from 
'the  Sun  is  easily  delermitied.  The  Moon's  orbit  is  inclined 
atxnit  a"  9'  to  the  Earth's,  and  therefore  if  u  m  u'  m'  (Hg,  102}  re- 
present the  Miwn'H  orbit  nn  seen  when  most  opened,  'e  11  or  E  m' 
(halfthelesiieritxie)  bears  to  E  ni  or  E  m' the  ratio  which  the  nine 
of  ft'O' bears  to  unity,  or  {nearly  enuugh  for  our  purpose)  E 11  or 
eh' is  about  iSffths  of  E  wior  Em'.  But  as  Keen  from  the  .Sun 
the  Earth's  radius  sublendi  about  ^tli  part  of  E  m',  the  Moon's 


4 


RlllUg 


lliwirj'  of  Cchptta. 


about  ft  fiiurlh  as  mnch,  and  (since  the  mean  apparent 
diameters  of  the  Sim  and  Moon  as  suen  from  the  Kurtli  tire 
nearly  eijualj  we  may  add  another  fourth  for  the  tpHintity 
corresponding  to  m  m'  in  fig.  100.  Thus  we  get  in  all  IJ 
BLXiieths,  or  ^'^tb  of  E  m,  as  the  length  which  the  half-axb  of 
the  Moon's  orbit,  as  seen  from  the  Sun,  must  not  exceed  if 
there  is  to  be  an  eclipse  when  the  Moon  \a  crossing  the  Earth^s 
apparent  place.     Such  a  hair-a.xis  would  be  about  /gtlis  of 

EK." 

But  it  may  eaaily  be  shown  that  wliereus  E  )i  the  greatest 
opening  is  obtained  by  rotating  the  orbit  (in  the  manner  already 
explained)  from  the  position  iihown  at  I.,  tig.  9tj,  through  a  right 
angle,  any  smaller  amount  of  opening,  as  £  k  (fig.  102),  will 
be  obtained  by  rotatbg  the  orbit  through  an  angle  equal  to  i  E  o, 


^ 


•  Olimiotii  by  iliriding  -^  bj  ,°j. 


iifaaifwd,  K tfaowa  in  tig.  lOZ.hjdmwing  die  quaJtwtiK. 
.nd    tl    p«nll*l    to   so.*      Ami    tbcrrforw    (ronuiabwia; 

t  gTBrtiJ  proiinaitlaa.  cnBllniuIIr  IhmOimI 
8  Ik  appMnii  linages  in  ilia  prow-jiUtiaD  si 
fUt^  imUi.  «r  ring  -.—u*  tW  «kupr4  to  Uib  Euth'a  pnowiuiiM  UsnA 
tfcr  ftn  (cm  «Ucfa  Ih*  ■«««■  >lF^na),  at  ilia  diiioe«  in  ti»  k}ipu<at 
flpm  of  SwM«^  ria^  or  of  Um  a«ba*  of  hii  nlcQilo.  or,  tigi'  " 
!■  (vtudt  Mocig  aorv  pvl**'^'']'  (^  ^i*  mlijvrt  oT  (Iii>  tN 


fotki**!  b;  tbc  cp^T;  i 


Liiiliidt  {MnillrU — lh«  p«lli_  .^f. 
tram  Ihr  EiT\k.  tbr.  folloaing* 
ny  u  worth  nobdng.  aod  ii,  1  Iv 

IiM  I  ■'  bt  a  cirrlr  s*eti  rdgrviw  bom  ft  n-rj  diMjint  iitiitinii 
to  apptu  u  a  (tnught  tinr.  and  iuppose  ituc  the  cinla  iviarM 
kboot  (bi  ucia  a  a*  throagh  its  ctMtt  o  ;  it  ia  iwqujnd  lo  dctcrtuJiu  I 
upect  uf  th*  cirdi  litFi  inj  clrfinito  ■inoiiiit  of  rololioa.     Kucko*  < 

*irel«  in  K  apbore  ■Iwiot  o  u  mqUt,  iin>l  Irt  p  o  r',  >  politr  nis  cl 

ciitl*  ■!  lb*  tx^nning  of  th»  tnotiiiD,  rotal*  «)Ili  it  Tlwn.  b 
Uio  ditunt  itaTion.  p  mid  f*  vill  seem  to  Diim  «long  ritflit  Uhm  r  a  i 
f*'  4*  |ianiUet  to  A  n  i'.  (hougli  in   mdiiy  the  lioe  phi'  «iD  W 
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always  ivhat  the  rotatiun  corresjwnds  to)  it  Ibllows  tlint  I 
time  occapied  by  the  orbit  in  opening  out  Irom  an  apparen 
line  to  an  oval  having  a  balf-axia  Et,  will  bear  to  iht;  tinit; 
occupied  by  the  orbit  in  obUtiutiig  its  full  opening  the  ouhv 
proportion  that  the  angle  It.  a  bears  to  the  right  anzle  h  e  u. 
But  we  require  this  prajHirtion  to  be  such  that  it  s  ahall  bear 
to  U  £  the  ratio  5  tu  18 ;  and  ic  ibllows,  tlierefore,  thnC  the 
anglo  Isa  must  be  one  of  as  nenrly  as  ]ioasible  16^  degrees.* 

circle  b*  dewrihcd  on  p  q  n  diami'ter  (only  Imlf  till-  circle  >a  sliown  in 
tlus  Ggnrv),  tiien.  as  r  rptLlly  rprolrcs  uniformly  round  a  trirclf  of  tliiii 
aiie.  but  Men  edgcwiip,  we  can  determin.t  Ihc  nppamit  positiun  nf  Fsflrr 
roUIiag  through  nny  giren  angle,  bj  dimply  taking  p  n  l  eqiinl  to  ihiH 
tingle,  luid  drawing  a  p«rpendiculru'  l  ^  on  r  o.  At  this  moment,  Ib«n, 
p  o  }/  repreaeutj  the  apparent  puaitioii  (aki'n  up  by  f  o  p' ;  and  dearly 
tO^M  right  nngles  lo  p  o  p'  ia  (he  grenlor  axis  of  the  elllpue  novr 
preaenttid  by  thn  moTing  cirds.  Ths  minur  axia  bob'  lies  of  coucgp 
on  p  ]/.  Now  in  order  to  delerniine  the  length  of  A  n  h',  coDceiTe  the 
eircle  to  rointeon  e  o*',  till  4  and  i'nppear  to  coincide  wilh  ii.  Then 
(dainl;  p  bas  moved  to  m  on  tlip  edga  of  the  disc  prcBcnlod  by  the 
Bphste  [o  p  m  Btmight),  ^nd  it  is  obvious  tliKt  Cbe  amount  of  rotation 
about  ■Of'  aeceitsary  to  i:9ect.  tbiB  rlmnge  is  meaanrrd  by  the  tie  m  k. 
{p  k  being  drawn  Bijimru  lo  a  w).  sn  Ibat  o  h  muni  be  ikt  pn^cction  uf 
«  indiuH  incliaed  to  the  eye  as  a  k  is  inclined  to  o  m.  Therefore  ii  li 
iniutbcequallopA, — thnt  is  to  L7>(far  \.p  and  />  k  are  abviously  equiU, 
M&ee  the  aqunro  of  each  is  equal  lo  the  fprtiinglB  ap,p  v). 

Henoewe  hare  ■vrryiimpU  eonstrutrtioD  for  determining  the  jiosit 
of  Ibe  faUipMi  e  b  e'  1/  for  any  amount  of  rotation  round  an  t{.    Tbil 
epnstruetion   in   fall  (slHrtiitg  from  nothing  given,   save  b  o  i^, 
position  of  a  a',  oad  the  amonnt  of  mtalios)  runs  thus ; — 

Describe  the  cin^le  e  p  a',  drnw  p  o  i""  ffljnarB  lo  a  a",  and  p  s  sq 
to  a  a'.  Desuribe  Ihe  arc  p  L  eqnnl  tn  liir  ^ven  rolAt  ion -angle,  n 
K  as  centre,  and  draw  i.  p  square  to  :<  p.  Then  p  a  ]/  \t  the  posilie 
of  the  lesser  axin  of  Ihe  apparent  ellipse  now  formed  by  the  cirej 
OrigiiDallj  seen  us  the  line  a  oi  ;  Lp  la  the  length  of  the  half-ai 
■nd  o  &',  which  we  mn  now  mnuure  ofi"  along  pop'-  and  of  coui 
is  umpl;  the  diameler  f  o  s*  sqanre  top  jf. 
ce  the  greatfet  amonat  of  opening  ia  ubriDUnly  iilitaine<l  ( 
B,  B*  K*  parallel  to  Jk  o  V,  and  eince  8  n'  n'  ie  ubvioiutly  k 
V  a>  the  statement  mode  in  tile  text  is  shown  to  be  just. 

angle  most  have  a  sine  equal  to  U'2T7777,  and  the  sins  of  1 


+68  rflz  sry: 

Ifftncft   the  n»qnJr'»fi  time  w  ohtained  bj  vndaclmr  Balf  a» 

V,«»ihrp-mi*ntionefi  p»»rinii,  173'3  «iaysi,  ia  die  proportioa  of  l»?j 

Vi  ^4) ;  rhac  ia,  an  nearlj  aa  prMnihle.  1 9^  days,  whioh  miK  be 

donhlftri,  heraufle  we  have  to  conflider  the  laiure  oa  either  isiie 

r,t'  r.h(»   epoo.h  criTTissvpondlnff  &)  th^  pmenttfions  t^  t^  DU  in 

rtff.  '>H.      Thiw,  <>o  tar  aa  chi:s  ronfffa  proccai  ia  concerned,  di* 

•»c,lir»«»-^«won  UwM  31  'lav-*,  or  thereabootA.     The  real  ir.*aa 

!!«  ATimewhat  ;rrf*atpr,  t^jr  che  Mr^m'^  diameter  L«  mor«e  una 

•  ine-tr,urth  of  the  Elarth'a.     Bnt  a.^  wc  have  orAj  ha-i  in  fiew 

the  ^renenl  principles  on  which  the  recnrrence  and  daratioa 

of  our  ecLiptife-fKa:4nna  depend,  exact  accnracj  na.*  ar.t  iihus 

&r)  V»een  neces«ary.     For  our  pre?^nt  purpo?*e  ve  shall  take 

thirty -three  dav^  ^  a?iont  the  avera^.  and  oon«i«ler  one  or 

two  cnn.'**f[TienceR  of  thi-i  relation. 

A  fieririd  of  3^5  daji  ia  a  tew  d;iy!*  more  than  a   IrmarioiL 
Henoe,  "•np[.<'>«iinj  duic  when  an  e<:Iiprte-flea!<n  i^^  betrinninz.  it 
[a  ►tirh'^r   rn=:w  M.  • -n  or  fill  M^'jon,  there  will  h-e  t?;ree  e:!ir«5^ 
durincr  thar,  aea.v^n.  t'jr  the  Mo«>n  \vill  r-aas  tr-  full  or  r.ew.  and 
tiii^riJ'te  to  new  or  fiill,  V^erore  trie  e«"lirae-=eaiic«n  ia  over.     Now 
f,l  Uir<^.  three  e<:li [.•¥•-•  trie  rlrst  and  last  will  be  solar  or  lunar, 
arid  tii*:  othrr  luriar  or  -<^.lar.     Yet  we  never  hear  of  a  lunar 
f-rillpi^  followei-l  by  a  w.lar  eolip?^,  and  then  by  another  lunar 
^':lir»**'t  in  the  cour^^  of  ^^3  davs  or  thereabouts.      We  do  find 
iri.-taii'^en   fas  anyone   can    see   by    looking    through    a   few 
.^urrvii-^ive  almanacs >  of  a  solar  ecli[»se  followed  by  a  lunar 
(•j:\i],-^,,  and  then  by  another  srjlar  one  within  such  an  intervjil: 
V)iit  nev^T  of  the  other  fU':ces«ion.     The  fac   *8,  the  *  Nautical 
Almanac  *  from  which  all  other  almanacs  take  their  astrono- 
mical  fact.",  I»ay3  no  attention  to  a  certain  order  of  lunar 
crViu^'/A,  V)  which,  in  the  case  considered,  the  first  and  hist  of 
a  set  of  thre<i  e<:lif)S<.'S  mast  necessarily  V)elon^.     It  will  easily 
be  H;en  tliat  if  the  middle  eclipse  of  a  set  of  thn-e  is  a  solar 
one    it  will  be  ver}'  consideralde,  the  orbit  of  the  M(X)n  being 
j.rcrii-nt/jd  as  at  i.,  v.,  or  ix .,  fig.  98.    But  the  two  lunar  eclipses 
-  -<.ne  preceding  and  the  other  following  the  solar  one — will 
Ik;  very  nlight  aflTairs,  for  they  will  hai)i)en  when  the  orbit  is 
barfly  c/)ntractcd  enough  (in  aspect  as  seen  firom  the  sun)  for 
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an  eclipse  to  occur  at  all.  As  a  matter  of  &ct,  thej  are  of 
sucb  a  nature  that  though  a  portion  of  the  Sun  is  hidden  from 
the  Moon  the  whole  of  the  Sun  is  not  hidden  from  any  part 
of  the  Moon*s  illuminated  hemisphere.  They  correspond  to 
partial  eclipses  of  the  Sim ;  but  though  a  partial  eclipse  of  the 
Sun  is  a  noteworthy  phenomenon  to  terrestrial  observers,  and 
therefore  finds  a  place  in  the  ^  Nautical  Almanac/  one  of  these 
corresponding  lunar  eclipses  (differing  altogether  from  partial 
lunar  eclipses  properly  so  called  •)  is  a  very  different  matter, 
and  can  scarcely  be  recognised  at  all  by  the  terrestrial  obser- 
ver. Delicate  photometric  appliances  would  doubtless  show 
that  full  sunlight  was  not  shining  on  parts  of  the  Moon  at  such  a 
season,  but  to  ordinary  observation  no  trace  of  the  deficiency 
of  light  is  discernible.  No  notice  is  taken,  therefore,  of  these 
eclipses  in  the  *  Nautical  Almanac,*  which  deals  {yerj  properly 
of  course)  only  with  phenomena  that  can  be  observed. 

It  will  be  seen  then  that  under  the  circumstances  considered 
there  would  be  three  eclipses  or  one  during  the  eclipse-8eai>on, 
according  as  full  Moon  or  new  Moon  occurred  at  the  time 
when  the  Moon^s  orbit  was  presented  as  at  i.,  v.,  or  ix.,  6g  98. 

The  case  may  be  illustrated  as  in  fig.  104 ;  only  the  reader 
must  remember  that  the  just  proportions  of  the  orbits  and 

*  In  whftt  is  properly  called  a  partial  lunar  eclipse,  there  is  a  part  of 
the  Moon  from  which  the  whole  disc  of  the  Sun  ia  concealed  (setting 
aside  the  refraction  of  the  solur  mys  by  the  Earth's  atmosphere)  ;  but 
in  the  eclipeeH  considered,  which  I  have  ventured  to  designate  jp«»M»i^fl/ 
lunar  eclipses,  every  part  of  the  moon  is  illuminated  by  direct  sunlight, 
though  not  by  the  whole  solar  disc.  I  believe  I  may  claim  to  have  been 
the  first  to  calculate  a  penumbral  lunar  eclipse.  The  details  are  given 
in  the  Monthly  yotices  of  the  Royal  Astronomical  Society  for  1867-1868 
(voL  xxviii.),  the  eclipse  occurring  on  the  night  of  September  2  in  that 
year.  The  theory  of  eclipses  cannot  be  considered  complete  without 
a  consideration  of  these  hitherto  neglected  penumbral  eclipses.  To 
lunarians,  if  such  there  be,  the  Sun  must  appear  really  eclipsed — 
though  but  partially  —  at  such  epochs;  and  in  fact,  as  stated  in  th« 
text,  these  eclipses  correspond  exactly  to  partial  solar  eclipses  (that  is, 
not  to  eclipses  which,  though  really  total,  are  partially  seen  at  certain 
stations,  but  to  solar  eclipses  which  are  partial  wherever  seen). 


THE  srx. 


[lisiaiices  cuntiot  be  indicated  in  a  BJiifile  diagram.  7f  vban  \ 
tlie  Moon's  orbit  is  preaeiUed  nn  at  i.,  v.,  i>r  is.,  fig.  il8,lhe  Moon 
ia  at  M,  (fig.  104)  there  will  be  a  central  eclipae  of  the  Sun; 
but  when  the  Moon  hiis  passed  on  to  Hj,  her  orbit,  as  eeen 
troQt  the  Sun,  will  be  so  far  opened  out  that  no  pari  tif  the 
Moon  tcill  be  concealed  from  all  parts  of  the  Sun.  Hence 
tliere  will  only  be  a  penunibial  lunar  eclipse,  of  which  no 
notice  will  be  taken  in  almanacs.  And  llio  like  must  have 
been  the  cnae  ua  n-sjiecta  the  Moon's  pnsition  when  at  Mj  be/ore 
the  central  solar  eclipse.  On  tlie  other  hand,  if  the  Moon  is 
■I  Ji,  when  her  orbit  is  presented  aa  at  I.,  v.,  or  IX.,  fig.  98,  ther« 
will  be  u  total  eclipse  of  the  Moon,  And,  further,  when  die 
Moon  wus  lit  N,   before  this  eclipse,  and  wlie 


I 


oiler  this  eclipse,  the  Sun  must  be  partially  eclipsed,  tliuugh  no 
part  of  the  Earth  will  be  concealed /mm  alt  parts  of  the  Sun. 

The  name  holds  when  the  Moon  is  near  to  x,  or  v,  in  ilie 
middle  of  the  'eclipse-season.' 

Bnt  when  the  Moon  is  at  or  near  m,  or  Wj,  at  llio  time 
-when  her  orbit  is  presentecl  edgewise  lowai-ds  tJie  Run,  only 
two  eclipses  can  take  pkce.  Suppose,  fur  inslxnce,  she  is  KL 
K,,  then  carrying  her  onwards,  we  see  that  she  niurt  ecL'pse 
the  Sua  when  at  Mi  hut  ibiit  slie  cannot  be  herself  eclipsed 
when  she  gets  to  m,,  for  ih™  three  (funrtera  of  a  lunar  month 
wiU  have  elapsed  since  the  middle  of  this  eclipse -season,  and 
"an  eclipse-seiiaon  cannot  last  a  month  and  a  half  under  any 
circumstances.  Carrying  the  Moon  backwards  from  m^,  we 
Bee  that  she  must  have  been  eclipsed  when  at  Vj,  hut  cannot 
have  eclipsed  the  Sun  whtn  at  m,.     Hence  tiit-re  occur  two 
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eclipses,  one  solar  and  the  other  lunar,  in  this  eclipse-season. 
And  clearly  the  reasoning  is  precisely  the  same  when  the 
Moon  is  at  M3  in  the  middle  of  an  eclipse-season. 

The  same  holds  when  the  Moon  is  near  to  m^  or  M4  in  the 
middle  of  an  eclipse-season. 

In  these  cases  the  two  eclipses  would  not  be  so  important 
generally  as  an  eclipse  occurring  in  the  middle  of  an  eclipse- 
season.  If  the  Moon  were  exactly  at  Mj  or  M4  the  solar  eclipse 
would  be  central  and  the  limar  eclipse  partial ;  *  but  even  the 

*  It  is  easy  to  extend  the  calculation  made  above,  as  to  the  average 
duration  of  eclipse-seasonsi,  to  determine  how  long  the  opening  of  the 
Moon's  orbit,  as  seen  from  the  Sun,  continues  small  enough  for  a 
particular  order  of  eclipses  to  take  place.  In  the  following  inquiry  it 
will  be  understood  that  only  mean  values  are  considered.  Farther  on. 
the  effect  of  the  eccentricity  of  the  lunar  and  terrestrial  orbits,  and 
other  circumstances,  in  modifying  the  limits  of  eclipse-seasons,  will  be 
dealt  with ;  but  only  in  a  general  way. 

For  a  central  solar  eclipse  to  take  place — that  is,  either  an  annular  or 
total  solar  eclipse — it  is  necessary  that  the  op«*ning  of  the  Moon's  orbit, 
as  Been  from  the  Sun's  centre,  should  be  so  small  when  new  Moon  occurs 
as  to  intersect  the  Earth's  disc.  For  clearly  in  this  case  a  line  from 
the  Sun's  centre  to  the  Moon's,  at  the  time  of  new  Moon,  will  fall  on 
the  Earth's  disc,  and  where  this  line  meets  the  Earth  tiiere  must  needs 
be  a  central  solar  eclipse;  whereas,  if  the  line  joining  the  centres 
of  the  Sun  and  Moon  did  not  meet  the  Earth  there  could  be  no  central 
eclipse.  We  have,  then,  the  greatest  opening  of  the  Moon's  orbit  as 
before,  about  xSu^l^^  of  the  long  diameter  of  the  orbit,  while  the  Earth's 
diameter  is,  as  we  know,  but  about  a  sixtieth  part  of  this  long  diameter 
(or  ^ths  of  the  greatest  opening).  So  that  the  time  required  to  open 
the  orbit  to  this  extent  bears  to  86*7  days  (half  of  173*3,  that  is)  the 
ratio  which  an  angle  whose  sine  is  ^  bears  to  a  right  angle.  But  the 
sine  of  an  angle  of  10|^  is  about  ^\,  and  such  an  angle  is  about 
^ths  of  a  right  angle.  Hence  the  required  time  is  about  10^  days; 
and,  counting  it  on  either  side  of  the  middle  of  the  eclipse-season,  we 
get  20f  days  as  the  duration  of  what  may  be  called  the  central-solar- 
eclipse-season. 

Now  the  relation  here  considered  has  no  counterpart  among  recog- 
nised orders  of  lunar  eclipses,  since  the  fact  that  a  line  through  the 
centres  of  the  Sun  and  Moon  at  the  time  of  limar  eclipse  crossed  the 
Earth  would  correspond  only  to  the  fact  that  the  Sun's  centre  was 
concealed  from  the  centre  of  the  Moon  s  disc,  a  relation  not  requiring 
special  consideration. 


mtml ,  woiiM  l»»  lew  imimrwui  ( ri-i;)ifi- 
ing  ilio  whole  Eiin)i,  tliiin  a.  boIiiv  eclipae  occurring dnriitji:  the 

Let  ufl,  howM'er,  inquirn  »h»t  urn  tlii'  nr<Tne*  limit*  iif  IN"  l»i 
onlrre  of  liiniir  ociipscs  wbicb  iir«  dralt  with  bjr  uuneonuin'm. 
totRl  anil  purtinl  lumir  FcllpBcs. 

Total  odipusi  uf  Iho  Moon  wu  drtemiiiKd  by  tliP  toomiJeiiiligii  tk(. 
nil  piirtt  of  the  F^iin  are  I'onoHled  fmui  (he  vfaole  ii(  ttx  JbuB'i  rlw 
(ulvrii^s  apttingnn  rtnc  aid*  die  cflWla  of  altnuBphcric  npfhirtiuiil  mH, 
thuKfore,  ihn  apening  nf  the  luniu-  orbit  muat  bo  leu  Ihu  Iho  Ganh'i 
nppnrpol  dinmcler,  iia  tern  frota  thr  Sun.  bj  the  sum  of  thf  1»» 
>|U(uitilii»,  which,  in  ihs  Inijiiirj  in  ihe  text.  «ei«  a-)d(d  Ui  itiH 
diniiipter.  We  muet,  Ihererim,  iliminitli  itif  EnilJi's  npparanl  dMt»K 
Ha  ftoon  from  the  Siin  bj  ivlioat  DOt;-hHlr:  mi  Ihikt.  iDMeail  of  grUiiMtttM 
iiagle  nhnw  sinn  h  abaut  gjf,  u  bpfurv.  we  get  the  nngle  «Ii«h  not  )* 
but  nne-buK  of  Thi<,  or  nn  ntigie  at  nbuut  6J  dogreca :  and  th«  <ar» 
epanding  piopoction  of  867  dayB  (or  about  SJ  >ImJ*)  ■■  DDe-Mfi'' 
tlio  lotal-Iuaar-cclipt^-eeason,  Those  fnil  Imglh  is  tlMrofiue  tloA 
HI}  dn.v8. 

lastly,  fur  th*  occarrcnM  of  lunnr  fclipsos  gcntTBll]^.  wb  dioH  Inn 
tlio  opvnin^  of  the  lmi»r  orbit  such  that  frum  -omo  piiK  of  tliv  Hom'i 
diip  (he  wbiile  of  lhn  Sun  is  concenlwl.  and  Ihnrpror*,  on  th*  mmnj'iw 
hithertn  mnde  (which  is  not  far  rrnm  the  Irnth),  thiit  thn  nTi-nu:*  nlii> 
of  the  Sun's  njipHKnt  diamrler  h  ttjuai  to  th«  Mann'*,  ve  nnd  nulW 
inr.niun  not  diminish  thr  Eartira  appnrent  diamrter.  at  Rorn  from  <to 
Sun.  Wo  therefore  get  thp  samo  vraul's  as  when  »d  wore  ctmeidfliiB 
central  aolur  eclipBca — namely,  lUj  dnyx  for  oai^hnlf  of  tlie  Inaif 
eelipie-Hiuon,  wIiohb  fHill  iiver<«ge  len^i  is  Uivrefum  nboiit  Wf  dtj*. 

Naw  iheae  resulla  Biiiible  nit  to  dilermine  the  genentl  condjilrau 
under  whifh  Tarious  ordnrs  of  eclipses  will  occur  during  ili»  ecllpw 

ThnC  there  maj  he  a  central  solar  icliptr.  thti  middle  of  llx'  M^fB- 
smson  must  occur  when  tliu  jVIonn  in  wmiewhere  within  Ibe  itt«  n,  n,  »f 
euvli  that  m^  x,  and  n,  M,  are  oach  eqiinl  In  lhi>  spncr  trnvcntd  bjr  llH 
Mnoa  in  nbuut  1  nj  diiyi).  Tlmf  tlipiv  mny  Iw  a  intnl  Uimtr  i-clipv,  Ih* 
miildln  of  thp  ecbpse-seiuon  must  orvur  whrii  ihe  Hiun  is  mnnvbeiv 
within  the  arc  ■,  H„  w,,  siuh  (hat  a,  v.,  niid  M^  w,  arx  each  eqiial  *(i 
'he  spacn  tmt-erscd  hy  the  Moon  in  nboat  m  dnya.  That  a  [wtiat 
liLHur  pclipsD  mny  occur,  the  middle  of  tlie  ivliiiw-snasou  miwt  lnl« 
pbic"  vlj"u  the  Muon  is  suni@wh''n  on  the  >n>  "«  Xn  m,.  nirh  thai 
fl„  M,  and  «,  M),  are  i>aoli  w|oal  to  lli''  eran'  tnivars<^  \if  tha  Moo* 
about  ]i)J  days.  And,  Instly,  it  will  Im  ^lh<<rad  fi^ini  Ibe  inqoirj  tn  1 
ti'ii  t)Liil  for  two  solaf  ecJipm-B  to  occnr  during  lh»  eidi| 
iiiilUIc  uf  ibiB  season  miut  lake  ploM  whon  thb  Mnm  ia 
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middle  of  the  ^lipee-season.  It  is  easy  to  see  in  what  respect 
it  would  be  less  important  When  a  solar  eclipse  occurs  in 
t;he  middle  of  the  eclipse-season,  the  Moon^s  shadow  traverses 
the  centre  of  the  Earth^s  disc  as  seen  from  the  Sun.  It  there- 
:fbre  has  a  longer  course  on  the  Earth,  and  if  total  is  rendered 
more  remarkable  bj  traversing  that  part  of  the  Earth  which  is 
nearest  to  the  Moon  at  the  time.  It  is  worthy  of  notice, 
liowever,  that  an  annular  eclipse,  if  its  importance  is  measured 

the  arc  fi^  x,  m^,  such  that  n^  u^  and  X3  m^  are  each  equal  to  the  space 
traversed  by  the  Moon  in  the  excess  of  half  an  eclipse-season  over  half 
a  lunation. 

Now  the  places  of  the  points  m^  m^,  &c.,  will  vary  slightly,  according 
to  the  length  of  the  lunar  month,  the  position  of  the  Moon  at  new  or 
full  with  reference  to  her  perigee  and  apogee,  and  so  on  ;  and  in  par- 
ticular it  is  to  be  noted  that  the  limiting  positions  of  m^  and  m,*  *^^  ^^ 
n^  and  9t„  are  such  that  m^  may  be  between  m,  and  x^,  n^  between  n^ 
and  x,.  But  taking  them  as  at  present  placed,  and  proceeding  round 
the  orbit  from  x^  towards  x,,  &c.,  we  have  the  following  relations : — 

If  at  the  middle  of  the  eclipse- season  the  Moon  is  between  x^  and  n^, 
there  will  be  one  central  solar  eclipse  during  the  season ;  if  between 
n^  and  n,,  there  will  be  one  central  solar  eclipse  and  one  partial  lunar 
eclipse ;  if  between  n^  and  nj,  there  will  be  one  central  s^jliir  eclipse 
and  one  total  lunar  eclipse ;  if  between  n^  and  n^,  there  will  be  one 
partial  solar  eclipse  ancl  one  total  lunar  one ;  if  between  n^  and  m^, 
there  will  be  two  partial  solar  eclipses  and  one  total  lunar  one ;  if 
between  m^  and  m^,  there  will  be  one  partial  solar  eclipse  and  one  total 
lunar  one ;  if  between  m^  and  TTt^,  there  will  be  one  central  solar  eclipse 
and  one  total  lunar  one;  if  between  fn,  and  m^  there  will  be  one 
central  solar  eclipse  and  one  partial  lunar  one ;  and,  lastly,  if  the  Moon 
is  between  m^  and  x^,  there  will  be  during  the  eclipse-season  one 
central  solar  eclipse. 

Thus  there  will  be  one  solar  eclipse  if  the  Moon  is  on  the  arc  m^  n^ 
at  the  middle  of  the  eclipse-season,  a  solar  and  lunar  eclipse  if  the 
Moon  is  on  either  arc  m^  m^  or  n,  n^,  and  two  solar  eclipses  and  one 
lunar  one  if  the  Moon  is  on  the  arc  n^  m^.  The  dimensions  of  these 
arcs  indicate  the  probability  that  an  eclipse-season  will  include  one,  two, 
or  three  eclipses.  Only  when  the  Moon  falls  on  either  of  the  arcs 
My  m^  and  n^  n^  can  there  be  a  central  solar  eclipse  and  a  total  lunar 
one ;  this  combination  is,  therefore,  very  infrequent.  Still  more  infre- 
quent is  the  occurrence  of  a  partial  solar  and  a  partial  lunar  eclipse  in 
the  same  eclipse-season  ,*  for  this  can  only  happen  when  m^  is  for  the 
time  between  m^  and  x^,  n^  between  n^  and  x,. 
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bv  the  breadth  of  the  ring  when  the  Sun  is  centrally  edipaed, 
is  afff  cted  in  a  contrary  manner  when  the  shadow  of  the  Mooo 
falls  near  the  centre  of  the  Earth^s  disc  ;  for  that  point  being 
nearest  to  the  Moon,  the  Moon  appears  relatively  larger  there, 
and  the  annulus  therefore  relatively  narrower.  It  is  true  this 
part  of  the  Earth  is  nearest  also  to  the  Sun,  but  \m  apparent 
magnitude  is  little  affi^ted,  whereas  the  Moon^s  (owing  to  her 
relative  proximity)  is  appreciably  enlarged. 

AVe  may  thus  sum  up  the  general  characteristics  and 
relations  of  our  eclipse-seasons,  the  note  on  the  preceding 
paragmpli  supplying  the  details  on  which  the  results  are 
founded : — 

The  most  common  of  all  orders. of  eclipse-seasons  are  those 
in  which  two  eclipses  take  place.     Of  these  one  of  course  is 
sclar.  the  other  lunar,  and  most  commonly  the  solar  eclipse 
is  central,  the  lunar  one  partial,  but  in  a  considerable  propor- 
tion of  cases  tlie   s<:»lar  eclipse  is  partial  and  the   lunar  one 
totiil.     Very  seldom  does  a  total  lunar  eclipse  acconipanv  a 
central  solar  one,  and  yet  more  seldom  are  both  partial.    Next 
in  order  of  frequency  to  the  seasons  of  two  eclij)ses  are  the 
seasons  of  hut  one  eclipse,  always  a  centml  solar  one.     Lastly 
come  the  seasons  in  which  there  are  three  eclipses,  which  are 
always— in  order — a  partial  solar  eclipse,  a  tot«il  lunar  eclipse, 
and  again  a  partial  solar  eclipse.* 

*  From  the  preeoiling  note  it  follows  that  the  avora<^p  frequency  of 
the  scvt^ral  onh'rs  of  eclipses— omitting  the  case  of  two  partial  pclij^s 
as  of  Mich  iiifri'i|iicnt  occurrence — are  fairly  presented  in  the  following 
tabK',  in  which  the  letters  refer  to  fig.  104  : — 

FHEQUENCT  PROPORTIOXAL  TO 

Class  I.  Three  eclipses,  partial 

solar,  total  lunar,  auJ  partial 

solar  .... 

Clas^i    II.    One     central     solar 

fcli|'«ie  .... 
Clas*<   III.  One  solar   and   one 

lunar  e^'lipso 

Siilxlivisions :  — 
S)lar  central,  lunar  partial 
Solar  partial,  lunar  total 
Solar  central,  lunar  total     . 
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ECLIPSES. 

r,  with  regard  to  tlie  succession  of  lliese  Fc1ipse-s 
Ifl  only  to  be  noted  that  three  s^aeons  in  wliich  there  are 
«  eclipses  never  occur  in  succes^on. 

B\\y  determine  the  greatest  and  leaxt  number 
s  which  mii^  occur  iu  any  single  year.  The  average 
rvnl  between  successive  eclipse-seueona  is  173-S  days. 
Two  such  intervals  amount  tc^ther  to  346'6  days,  or  fall 
short  of  n  year  by  about  19  days.  Hence  there  cannot  be 
three  eclipHe-seasons  in  a  year.  For  each  eciiptte-season  lasts 
«D  the  Average  33  days.  Now  suppose  an  eclipse-season  to 
begin  with  the  beginning  of  ii  year  of  JtGti  days.  The  middle 
of  the  season  occurs  at  about  midday  on  January  17 ;  the 
middle  of  the  next  eclipse-i^eaaoQ  173'3  days  later,  or  on  the 
evening  of  July  8 ;  and  the  nniSdle  of  the  third  occurs  yet 
173'3  days  later,  or  on  December  S!),  early  in  the  forenoon  ; 
BO  that  nearly  the  whole  of  the  remaining  half  belougs  to  the 
following  year.  Now  this  is  clearly  a  javourable  case  for  the 
occurrence  of  &a  many  eclipses  as  possible  during  the  year.  If 
aU  three  seasons  could  be  of  the  class  containing  three  eclipses, 
there  woidd  be  eight  echpses  in  the  year,  because  the  second 
eclipse  of  the  third  season  would  occur  in  the  middle  of  that 
season.  Tiiis,  however,  can  never  happen.  But  there  may 
be  two  seasons,  each  containing  three  eclipses,  followed  by  a 
season  containing  two  eclipses,  only  one  of  which  can  occur  in 
the  fragment  of  tile  eclipse-season  falling  within  the  same  year. 
In  this  case  there  would  be  seven  eclipses  in  the  year.  So  also 
there  would  be  seven  if  in  the  fimt  season  there  were  three,  in 
tlie  second  two,  and  in  the  tiiird  three,  for  then  the  fragment  of 
tlie  third  liilling  within  the  year,  being  rather  more  llian  one- 
hidf,  would  comprise  two  eclipsea.  So  also  if  the  three  succea- 
iive  seasons  comprise  severally  two,  throe,  and  three  eclipses, 

The  same  would  clearly  happen  if  the  year  closed  with 
the  close  of  an  eclipse-season. 

There  may  then  be  as  many  ae  seven  eclipses  in  n  year,  in 
which  case  at  leant  four  eclipses  will  be  solar,  and  at  least 
tliree  of  these  partial,  while  of  the  lunar  eclipses  two  at  leikst 
will  bo  .total. 
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As  regards  the  least  possible  number  of  edipees,  it  is  ob- 
vious that,  as  there  must  be  two  eclipse-aeaaons  in  the  jear, 
and  at  least  one  eclipse  in  each,  we  cannot  have  less  than  two 
eclipses  in  the  coarse  of  a  year.  In  this  case  each  eclipse  i« 
solar  and  centraL 

As  regards  intermediate  cases,  we  need  make  no  special 
inquiry.  Many  combinations  are  possible.  The  most  common 
case  is  that  in  which  there  are  four  eclipses — two  solar  and  two 
Innar.  Further,  it  may  be  noticed  that,  whatever  the  number 
of  eclipses,  from  two  to  seven  inclusive,  there  must  always  be 
two  solar  eclipses  at  least  in  each  year. 

And  now  we  may  turn  from  the  particular  mode  of  con^ 
sidering  eclipses,  which  we  have  thus  far  followed.     There  is 
another  by  which  we  might  have  arrived  at  similar  resulu 
almo:^  as  readily.     We  might,  instead  of  viewing  the  Eaidi 
and  Moon  in  imagination  from  the  Sun,  have  traced  the  course 
of  the  Sun  and  Moon  around  the  heavens.     Both  methods  of 
dealing   with   eclipses    are    employed   by    astronomers,    the 
method  used  in  the  preceding  pages  corresponding  to  what  Is 
termed  the  method  of  projection,  the  other  to  the  method  of 
direct  calculation  from  the  celestial  ordinates  of  the  Sun  and 
Moon.     For  our  present  purpose,  however,  one  method  is  all 
that  need  be  considered.* 

And  now,  before  closing  this  essay,  I  will  consider  in  the 
usual  manner  the  nature  of  the  Moon's  shadow-cone  in  solar 
eclipses,  and  of  the  Earth's  shadow-cone  in  lunar  eclipses. 

Eclipses  of  both  sorts  may  be  regarded  as  illustrated  together 
in  fig.  1(>5.     Here  e  is  the  Eailh,  and  the  Moon  is  shown  in  two 

*  In  the  Poptilar  Science  Review  for  Julv  1868  I  have  exhibited  t 
line  of  reasoning  by  which  the  results  deduced  above  can  be  obtained 
by  conbidering  the  apparent  motions  of  the  Moon  and  Sun  around  the 
celestial  vault.  By  the  artifice  of  regarding  these  motions  as  taking 
place  on  a  sphere  which  can  be  viewed  from  without,  and  shifted  or 
rotated  so  as  to  illuntnite  the  various  relations  dejilt  with,  the  whole 
8ubj»fct  may  be  very  conveniently  discussed.  The  student  of  astronomy 
does  well  to  examine  all  such  questions  by  as  many  independent  methods 
as  possible;  but  in  the  present  treatise  there  is  not  space  for  a  complete 
investigation  of  the  theor)-  of  eclipses  on  the  second  plan. 


It  X,  direclly  between  the  Kurth  and  Sun,  and  at  the 
point  opposite  m,  in  the  heart  of  the  Eartli'd  ahudow-cone.  The 
true  geometrical  ahadowa  of  t!ie  Earth  and  Woon  are  shown 
black,  the  true  geomctrital  penumbra;  are  shaded.     It  uiuet  be 


imderotood,  however,  that  the  veitical  dimensionB  have  had 
to  be  exaggerated  ;  the  angle  itt  c  ought  jiroperly  to  contain 
but  abuut  liLilf  a  degree.  Such  an  angle  could  not  be  conve- 
niently employed  in  illustrating  our  Hubjcct. 

c  e  and  c  «'  produced  touch  the  Sun's  globe  ;  so  alao  da  tLe 
boundaries  of  the  Moon's  black  ahadow.  The  boundaries  m  e 
and  Til  e'  touch  the  Sun'a  globe  ajter  croeting ;  so  also  do  the 
boundaries  of  the  Moon's  penumbra. 

The  distance  EC  is  variable,  being  aa  great  as  870,300 
miles  when  the  Earth  is  in  aphelion,  and  as  small  as  843,9m 
miles  when  the  Earth  is  in  perihelion.  The  Mood's  orbit 
round  the  Eurth  has  a  mean  radius  of  23^,770  miles.  Thus 
the  Earth's  shadow  e;(tenda  about  three  and  a  half  times  aa 
far  from  the  Earth  sh  tlie  Itloon's  orbit. 
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figures  represent  the  extreme  poffdble  range  of  the  shadow- 
point  eirher  way.  In  fig.  106  there  is  shown  beyond  c  a 
shaded  anti-cone.  From  any  point  within  thi»  the  Snn  will 
be  annular ly  eclipsed.  Thus  the  section  at  a  a!  includes  tbtt 
part  of  the  Earth  whence  at  the  moment  an  annular  eclipse  of 
the  Sun  is  vitdble.*  On  the  other  hand,  the  section  u  u'  in  %. 
107  includes  the  part  of  the  Earth  wlieooe  the  Sun  is  totally 
eclipsed.  It  is  important  to  notice  that  the  greatest  possible 
width  of  II  II '  is  about  173  miles.f 

Now  in  fig.  1(>5  the  points  m  m  iw'  m'  may  be  supposed  to 
lie  on  the  Moon's  orbit  8*^n  iVi  piano.     If  we  suppose  tbis 
orbit    not   to    lie    in   the  plane  of  tlie  pai)er,  but  tilted  at 
an  angle  of  5^  (or  rather  to  an  angle  as  much  larger  tban 
5^    as    the    shadow-angle    at    c    is    increased     l>eyond  ita 
true  value  of  half  a  minute),  then  by  conceiving  the  whole 
fiirure    turned  about    c  M,  until     the    Mo»>irs    orbit   is    seen 
sideways,  iliis  orbit,  according  to  the  direction  in  which  the 
tilt  exisr€»d,  would  cxln*l>it  a  sliape  resemblinir  one  of  those 
sliown  in  fig.  1>8  (only  more  open  on  account  of  the  exaggera- 
ti«»ii  of  the  tilt.     And,  further,  if  we  could  watcli  from  such  a 
staiuljMiint — that   is  (obviously)  a  standpoint   towards  which 
or  iVoiu  wliidi   the  Kartli  was  travelling — during  a  period  ot' 
about  o4(5  days,  we  should  see  the   Moon's  orbit  pas.'sing  in 

♦  It  is  ol)vious  that  the  Sun  will  swm  to  be  annnlarly  eclipsietl  from 
any  p«>int  within  this  ajiti-cone :  for  lines  dniwn  from  any  such  point 
to  the  cirele  on  the  Moon  in  which  the  shadow-cone  Wgins  will  form  a 
cone  (riglit  or  oblique)  which,  hri/'mJ  the  Moon,  will  be  wholly  within 
the  extension  of  the  shadow  cunt's  geomt'trical  surlaco.  Hence  a 
portion  of  the  Sun's  globe  must  lie  outride  and  around  this  inner  cone. 
This  jiortion  will  be  visible,  therefore,  from  the  vertex  of  tiiip  inner  ct»n«» 
(the  i>o\i\t  within  c  a  a)  as  a  ring  of  light,  whose  boundaries  will  b-^ 
concentric  or  eccentric  accordini^  as  the  inner  cone  is  right  or  «)bliquf — 
in  other  words,  according  as  its  vertex  lies  or  not  on  the  axis  of  the 
.shadow-cone  produced. 

t  The  extreme  limits  of  ccntml  solar  eclipses  result  when,  first,  the 
Sun's  diameter  has  its  greatest  valuf.  32'  3G"-4,  an«l  the  Moon's  its  least, 
29'  21"'9,  in  which  case  a  ring  of  light  1' 37"-2  wide  remains;  and, 
secondly,  whin  the  Sun's  diameter  has  its  least  and  the  Moon's  its 
greatest  value,  in  whicii  case  the  Moon's  disc  overlaps  the  Sun's  by 
69"'6,  and  the  Sun  continues  for  several  minutes  totally  eclipsed. 
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orderly  succession  though  all  such  phaftes  as  are  exhibited  in 
fig.  98. 

Now,  clearly,  since  for  a  lunar  eclipse  to  occur  the  Moon 
must  enter  the  cone  m'  c  tn'  opposite  w,  while  for  the  occurrence 
of  a  solar  eclipse  the  Moon  must  enter  this  cone  opposite  m', 
lunar  eclipses  must  on  the  whole  be  less  numerous  than  total 
ones,  ibr  the  cone  is  appreciably  narrower  o])po»ite  m  than  op- 
posite m\  It  is,  however,  also  obvious,  that  when  the  Moon 
is»  in  the  Earth's  shadow  she  is  eclipsed  a3  viewed  from  a 
whole  hemisphere  of  the  Earth,  whereas  when  the  Moon  casts 
a  shadow  on  the  Earth  the  Sun  is  only  eclipsed  as  viewed 
from  parts  of  the  Earth  which  are  traversed  by  that  sliadow. 
The  extent  of  such  regions  falls  very  far  short*  of  half  the 
Earth's  surface.  Hence  solar  eclipses  are  less  frequent  at  any 
given  station  than  lunar  ones. 

But  it  is  worthy  of  notice  that,  if  penumbral  lunar  eclipses 
are  included,  more  lunar  eclipses  than  solar  ones  occur  in  any 
long  period  of  time.  For,  clearly,  the  section  of  the  penumbral 
cone  opposite  m  is  greater  than  that  of  the  cone  m  c  m'  opposite 
m'y  since  both  cones  enclose  the  Sun,  but  the  vertex  of  the 
former  is  nearer  to  the  Sun  than  that  of  the  latter,  and  there- 
fore the  vertical  angle  of  the  former  cone  is  the  greater. 

It  is  convenient  to  notice  in  conclusion,  that  in  every  period 
of  21,600  lunations  there  are  on  the  average  4,072  solar 
eclipses  and  2,614  lunar  eclipses,  not  counting  penumbral  ones. 
If  penumbral  lunar  eclipses  are  included,  the  number  rises  to 
4,231.  In  all  there  are  (on  the  average)  6,686  lunar  and 
solar  eclipses  in  the  course  of  every  21,600  lunations,  the 
total  rising  to  8,303  when  penumbral  lunar  eclipses  are  added. 

*  The  extent  of  the  region  actually  in  shadow  at  a  given  moment 
will  vary  in  different  eclipses,  and  at  difft-rent  hours  during  the  same 
eclipse.  It  will  be  least  uf  all  when  the  Moon's  real  shadow  has  its 
greatest  possible  extent  (t.  e.  when  the  Sun  is  in  aphelion,  the  Moon 
in  perihelion,  «nd  both  as  near  the  zenith  as  they  cjiu  be  compatibly 
with  those  conditions).  At  such  a  time  the  edge  of  the  penumbra  forms 
a  circle  (approximately)  having  a  radius  equal  to  the  Moon's  diameter 
diminished  by  about  86j  miles,  or  a  radius  of  about  2,078  miles.  The 
extent  of  the  Earth's  surface  then  in  shadow  is  easily  shown  to  be  about 
one  37th  part  of  the  whole  surface  of  the  Earth. 
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